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 Résumé 
Le benzo[a]pyrène (BaP) est un contaminant environnemental de la famille des 
hydrocarbures aromatiques polycycliques ayant été classé cancérogène chez l’humain. 
Cependant, la relation entre l’exposition et les effets est toujours mal documentée. L’objectif 
de cette thèse était de mieux documenter la relation quantitative entre l’exposition au BaP, 
l’évolution temporelle des biomarqueurs d’exposition et l’apparition d’altérations biologiques 
précoces, à partir d’études expérimentales chez le rat. Dans un premier temps, nous avons 
déterminé l’effet de 4 doses de BaP (0.4, 4, 10 et 40 µmol/kg) sur plusieurs biomarqueurs 
d’exposition (3- et 7-OHBaP, 4,5- et 7,8-diolBaP, BaPtétrol et 1,6-, 3,6- et 7,8-diones-BaP), 
les adduits à l’ADN et l’expression de gènes impliqués dans le métabolisme du BaP, la 
réparation de l’ADN et le stress oxydatif. Le BaP et ses métabolites ont été mesurés dans le 
sang, les tissus et les excrétas, 8 h et 24 h après l’administration intraveineuse de BaP par 
chromatographie liquide à ultra haute performance (UHPLC) couplée à la fluorescence. Les 
adduits à l’ADN ont été quantifiés dans les poumons par immuno-essai en 
chémoluminescence. L’expression des gènes dans les poumons a été réalisée par PCR 
quantitative en temps réel (qRT-PCR). Les résultats ont révélé une bonne relation dose-
excrétion pour le 3-OHBaP, le 4,5-diolBaP et le 7,8-diolBaP et ils ont également renforcé 
l’utilité du 4,5-diolBaP comme potentiel biomarqueur du BaP en plus du 3-OHBaP. De plus, 
l’augmentation dose-dépendante de la formation des adduits et de l’expression de certains 
gènes impliqués dans le métabolisme et le stress oxydatif a suggéré l’intérêt de ces derniers 
comme biomarqueurs d’effet précoce. Dans un second temps, nous avons évaluer le profil 
cinétique des biomarqueurs en lien avec la modulation temporelle de la formation des adduits 
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 à l’ADN et de l’expression génique, en utilisant la dose de 40 µmol/kg de BaP telle qu’établie 
dans l’étude précédente, avec une série de mesures sur une durée de 72 h après l’injection 
intraveineuse de BaP. Il est apparu que le 3- et le 7-OHBaP ainsi que le 4,5- et le 7,8-diolBaP 
semblaient être de bons biomarqueurs d'exposition; les hydroxyBaP et diolBaP présentaient 
des cinétiques différentes, mais tous ces métabolites étaient corrélés de façon significative aux 
adduits BaPDE dans les poumons. L’expression de certains gènes et l’étude de leur profil 
cinétique a également permis de faire des liens avec la formation des adduits et de mieux 
comprendre le métabolisme du BaP. Après ces résultats, il semblait alors logique de 
s’intéresser à l’effet de la voie d’exposition dans un context d’exposition multiple de la 
population. Les données mesurées dans le sang et les excréta, après administration de 40 
µmol/kg de BaP par voie intraveineuse, intratrachéale, orale, et cutanée, ont encore une fois 
montré l'intérêt de mesurer plusieurs métabolites pour l’évaluation de l’exposition en raison 
des différences en fonction de la voie d’administration du composé et des différences dans la 
cinétique de plusieurs biomarqueurs, notamment entre les hydroxy (3- et 7-OHBaP) et les 
diols-BaP (4,5- et 7,8-diolBaP). Les résultats suggèrent aussi que la mesure de ratios de 
concentrations de différents métabolites pourrait aider à indiquer le moment et la principale 
voie d’exposition. Ces données ont permis une meilleure compréhension du continuum entre 
l’exposition et les effets. 
Mots-clés : Benzo[a]pyrène, métabolisme, biomarqueurs, toxicocinétique, relation dose-effet, 
voie d’exposition, adduits à l’ADN, expression génique. 
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 Abstract 
Benzo(a)pyrene (BaP) is a polycyclic aromatic hydrocarbon that has been classified as 
carcinogenic to humans. However, the relationship between exposure and effect is still poorly 
documented. The aim of this thesis was to document the quantitative relationship between 
exposure to BaP, the temporal evolution of biomarkers of exposure and the appearance of 
early biological alterations, by conducting experimental studies in rats. First, we determined 
the effect of four doses of BaP (0.4, 4, 10 and 40 µmol / kg) on several biomarkers of 
exposure (3- and 7-OHBaP, 4,5- and 7,8 -diolBaP, BaPtetrol and 1,6 -, 3,6 - and 7,8-dione-
BaP), on DNA adducts and the expression of genes involved in the metabolism of BaP, DNA 
repair and oxidative stress. BaP and its metabolites were measured in blood, tissues and 
excreta, 8 h and 24 h after intravenous administration of BaP by ultra high performance liquid 
chromatography (UHPLC) coupled to fluorescence. The DNA adducts were quantified in 
lungs by chemiluminescence immunoassay. Gene expression in lungs was achieved by 
quantitative real time PCR (qRT-PCR). The results showed a good dose-excretion relationship 
for 3- OHBaP , 4,5- and 7,8- diolBaP and they also showed the usefulness of 4,5- diolBaP as a 
potential biomarker of BaP in addition to 3- OHBaP. Furthermore, the dose-dependent 
increase in the formation of adducts and the expression of certain genes involved in 
metabolism and oxidative stress highlighted the latter as potentially interesting biomarkers of 
effect. The following study was designed to evaluate the toxicokinetic profile of biomarkers of 
exposure related to the temporal modulation of the formation of DNA adducts and gene 
expression, using a dose of 40 µmol/kg BaP as set out in the previous study, but with regular 
measurements during the 72-h period following intravenous injection of BaP. It appeared that 
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 the 3 - and 7- OHBaP and 4,5 - and 7,8- diolBaP seemed to be good biomarkers of exposure; 
hydroxyBaPs and diolBaPs exhibited different kinetics but all the metabolites were 
significantly correlated with BaPDE adducts in the lungs. The expression of genes and the 
study of their kinetic profile also allowed to assess the relationship with the formation of 
adducts and better understand the metabolism of BaP. Based on these results, it seemed logical 
to focus on the effect of the route of exposure. The data measured in the blood and excreta 
after intravenous, intratracheal, oral, and cutaneous administration of 40 mmol/kg BaP have 
once again demonstrated the importance of measuring several metabolites due to kinetic 
differences depending on the route of administration of the compound and among biomarkers, 
in particular between OHBaPs (3 - and 7 - OHBaP) and diolBaPs (4,5 - and 7,8- diolBaP). 
Results also suggest that measurements of concentration ratios of different metabolites could 
help indicate the time and the main route of exposure. Overall, these data allowed a better 
understanding of the continuum between BaP exposure and early effects.  
Keywords: Benzo[a]pyrene, metabolism, biomarkers, toxicokinetics, dose-effect relationship, 
route of exposure, DNA-adducts, gene expression. 
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 CHAPITRE 1 : Introduction générale 
 
 
 
 
 
 
1. Contexte scientifique du projet 
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 1.1. Problématique de l’évaluation du risque cancérogène et 
nouvelles perspectives du continuum exposition-effet au 
benzo[a]pyrène 
 
Le benzo[a]pyrène (BaP) est un hydrocarbure aromatique polycyclique (HAP) présent dans 
l’environnement. Il a été et demeure encore beaucoup étudié en raison de ses caractéristiques 
cancérogènes (IARC 2010). Cependant, les approches traditionnelles où l’analyse est souvent 
cloisonnée à un domaine d’étude rendent l’évaluation des risques difficile. Malgré les 
connaissances déjà acquises, il manque encore des données pour mieux définir la séquence des 
évènements allant de l’exposition à l’apparition d’effets délétères. L’utilisation de la 
toxicocinétique associée à la toxicogénomique ouvre la porte à une évaluation globale des 
perturbations induites dans les étapes clés pouvant mener à des effets cancérogènes.  
 
Cette thèse vise à évaluer le continuum exposition-effet au BaP en utilisant une approche 
transversale, c'est-à-dire en utilisant à la fois des biomarqueurs d’exposition et des 
biomarqueurs d’effets. Une meilleure compréhension des interactions entre ces molécules et 
leurs cibles biologiques est indispensable à l’établissement de stratégies en surveillance 
biologique.  
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 1.2. Les hydrocarbures aromatiques polycycliques comme 
agents cancérogènes prioritaires 
 
Les HAP sont une famille de contaminants ubiquitaires d’intérêt prioritaire, dont plusieurs 
membres ont été classés cancérogènes probables ou possibles chez l’humain. 
 
1.2.1. Définition des HAP 
Les HAP sont des substances omniprésentes dans l’environnement. Ils se présentent sous la 
forme de mélanges complexes et l'on retrouve une centaine de ces composés dans 
l’atmosphère (Lee et al. 1976). Seulement 16 d’entre eux sont considérés comme ayant un 
potentiel toxique élevé (Figure 1). 
 
De manière générale, les HAP se forment naturellement au cours de la combustion des 
matières organiques comme les feux de forêt ou les éruptions volcaniques. C’est la 
combustion incomplète de la matière organique à haute température qui est responsable de la 
formation des HAP (Nikolaou K 1984). 
 
Les propriétés physiques des HAP varient selon leur masse moléculaire et leur structure. Les 
HAP sont très hydrophobes donc peu solubles dans l’eau. Ils ont aussi un fort potentiel de 
bioaccumulation dans les organismes et leur dégradation environnementale est lente (Canada 
1994). 
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J. Braz. Chem. Soc. vol.19 no.6 São Paulo 2008 
Figure 1: Structure des 16 HAP classés prioritaires par l’agence Américaine de protection de 
l’environnement (US EPA) 
 
1.2.2. Sources et exposition aux HAP 
 
Les HAP sont une préoccupation importante en santé publique étant donné les nombreuses 
sources environnementales, telles que l’alimentation (viandes et poissons fumés, frits ou cuits 
sur charbon de bois), la fumée de tabac, l’air ambiant de régions à haute densité automobile ou 
de secteurs industrialisés, la combustion du bois, et certains onguents ou shampoings pour le 
traitement du psoriasis (Bouchard and Viau 1999). 
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 Présence dans l’alimentation et ingestion 
De nombreuses études ont montré que la voie majeure d’exposition aux HAP dans la 
population générale était l’alimentation (Fiala et al. 2001; Van Rooij et al. 1994). La 
contamination peut se faire de deux manières : tout d’abord, par le processus de cuisson des 
viandes et des poissons qui va générer des HAP par le phénomène de pyrolyse (Knize et al. 
1999; Perez et al. 2002).  
 
La pollution est la deuxième source d’exposition. Les HAP de l’atmosphère vont se déposer 
dans les milieux aquatiques et dans les sols, contaminants ainsi toute la chaine alimentaire 
remontant jusqu’à l’homme (Wickstrom et al. 1986). Les chercheurs en sont arrivés à la 
conclusion que la quantité totale de HAP consommée de façon journalière chez l’humain était 
de 3,7 µg/d (Phillips 1999) faisant de l’alimentation la voie principale d’exposition aux HAP 
chez les individus non exposés professionnellement. 
 
Distribution dans l’atmosphère et exposition respiratoire 
Les HAP se partagent entre une phase gazeuse et une phase particulaire. La distribution entre 
ces deux phases dépend de plusieurs paramètres comme la pression de vapeur saturante, la 
quantité de particules fines, la température ambiante et la concentration en HAP (Baek et al. 
1991). Les HAP plus légers ont une pression élevée et vont donc se retrouver en phase 
gazeuse. Plus la masse moléculaire augmente et plus la molécule aura tendance à se retrouver 
en phase particulaire. Cela signifie que les composés formés de deux cycles benzéniques se 
retrouveront en phase gazeuse contrairement aux composés à six cycles qui auront tendance à 
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 aller en phase particulaire. La température joue aussi un rôle important puisque quand celle-ci 
augmente, les composés seront plus aptes à être en phase gazeuse (Baek et al. 1991). 
 
La taille des particules joue également un rôle extrêmement important en toxicologie, car elle 
influence la zone de dépôt dans l’appareil respiratoire. Les particules les plus grosses, 
supérieures à 10 µm, vont se déposer dans les parties supérieures de l’arbre respiratoire (nazo-
pharynx) et seront éliminées facilement par expectoration. Les particules de taille moyenne, 
entre 3 µm et 10 µm, vont se déposer dans la région trachéobronchique où elles pourront être 
éliminées grâce à l’escalateur muco-ciliaire. Les petites particules inférieures à 1 µm seront les 
plus nocives pour la santé, car elles pourront descendre plus profondément et atteindre le 
poumon profond et ses millions d’alvéoles. Elles pourront alors causer des irritations, des 
inflammations et même des cancers (Lin et al. 2008).  
 
Les sources anthropiques 
Les sources naturelles de HAP viennent des feux de forêt ou des éruptions volcaniques (Baek 
et al. 1991). Toutefois, de nos jours, ce sont les sources anthropiques qui sont considérées 
comme majeures. Parmi celles-ci, on retrouve : la combustion du charbon et du bois, la 
combustion des carburants automobile, la production d’énergie (centrale électrique au pétrole 
ou au charbon) ou encore les incinérateurs et le tabagisme (Chuang et al. 1991; Wild et al. 
1992). Dans les zones rurales, leur valeur peut atteindre 4 ng/m³ et jusqu’à 160 ng/m³ dans 
certaines agglomérations. À l’intérieur des locaux, les HAP ont souvent une concentration plus 
élevée allant de 16 à 350 ng/m³, surtout à proximité des rues et des émissions industrielles, 
mais aussi en raison de la présence de la fumée de tabac (Naumova et al. 2002). Dans les 
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 zones urbaines, la majorité des émissions de HAP provient des carburants automobiles (Baek 
et al. 1991; Tuominen et al. 1988). L’industrie demeure cependant une des principales sources 
d’émission aux HAP (tableau 1).  
 
Table 1: Émissions atmosphériques annuelles de HAP au Canada en 1990 (Canada 1994) 
Sources
HAP rejetés
tonne %
Procédés industriels
Alumineries 925 21
Sidérurgie (y compris 
alliages ferreux) 19,5 0,4
Production de coke 12,8 0,3
Production d'asphalte 2,5 0,1
Raffineries de pétrole 0,1 <0,1
Sources de combustion
Chauffage résidentiel au bois 474 11,0
Autres type de chauffage 29 0,7
Feux à l'air libre/brûlages 
agricoles 358 8,3
Incinérateurs: Fours 
wigwams 249 5,8
Incinérateur municipale 
(boues) 1,3 <0,1
Incinérateur industriel 1,1 <0,1
Transports Diesel 155 3,6
Essence 45 1
Centrales thermiques 11,3 0,3
Combustion industrielle Bois 5.7 <0.1
Chauffage commercial et 
institutionnel 2,7 0,1
Cigarettes 0,2 <0,1
Autres 10,2 0,2
Sources naturelles
Feux de forêt 2 010 47
Total 4 314 100  
 
L’industrie 
Au Canada, de nombreuses personnes sont exposées aux HAP en milieu de travail. Parmi les 
principales industries émettrices de quantités importantes de HAP on retrouve: les cokeries 
produisant de la coke à partir de distillation de la houille, la sidérurgie, la production 
d’électrodes de carbone à partir du brai, les usines d’électrolyse de l’aluminium, les industries 
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 du bitume et du goudron et les aciéries. Une augmentation de l’incidence de plusieurs types de 
cancers (poumons, vessie, reins, mais aussi colon, scrotum et prostate) a été observée chez des 
travailleurs d’alumineries, de cokeries, de fonderies et de production d’essence notamment 
(Boffetta et al. 1997; Spinelli et al. 2006; Theriault et al. 1981).  
De nombreuses études animales ont montré le potentiel cancérogène des HAP (Jacob 1996). 
Grimmer et al. (Grimmer et al. 1987; Grimmer et al. 1984) ont notamment étudié l’effet de 
plusieurs matrices à hautes teneurs en HAP sur les poumons de rats. On sait également grâce à 
de nombreuses études épidémiologiques que les poumons sont considérés comme l’organe 
cible des cancers associés à l’inhalation des HAP (Doll et al. 1972; Partanen and Boffetta 
1994; Spinelli et al. 2006). Une augmentation significative de cancers des poumons a été 
observée chez différents groupes de travailleurs : cokerie (Chau et al. 1993), gaz (Doll et al. 
1972), aluminium (Armstrong et al. 1994). 
 
Pour conclure, de nos jours, les sources environnementales des HAP sont nombreuses et 
l’ensemble de la population y est exposé quotidiennement. Ce sont les travailleurs qui 
sont le plus affectés par ces contaminants de par les nombreux effets cancérogènes ayant 
été associés à l’exposition aux HAP en milieu de travail. Les poumons, organe cible des 
HAP, sont donc un organe de choix pour étudier les effets cancérogènes reliés au BaP. 
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 1.2.3. Pouvoir cancérogène des HAP 
 
Parmi les HAP les plus étudiés, on compte le benzo[a]pyrène (BaP), qui a été classé 
cancérogène reconnu chez l’humain par le Centre international de recherche sur le cancer 
(IARC 2010). Il demeure toutefois beaucoup étudié du fait de son action à tous les niveaux du 
processus de la cancérogenèse : initiation, promotion et progression (Figure 2) (Pitot 1993). Le 
BaP a des effets génotoxiques qui se manifestent par des interactions directes avec l’ADN, 
compromettant ainsi l’intégrité du génome. Mais il peut aussi agir par l’intermédiaire de 
mécanismes épigénétiques, influençant la régulation des gènes et accroissant ainsi la 
prolifération et la progression des tumeurs. Le BaP intervient dans l’initiation de cancers en 
contribuant à la formation de molécules pouvant réagir avec l’ADN. L’exposition de cellules 
au BaP peut favoriser, par sa liaison au récepteur AhR, l’expression de gènes codant pour des 
enzymes catalysant son propre métabolisme (Cyp 1a1 et 1b1) (Hockley et al. 2007). Le BaP 
va également intervenir dans la promotion de cancers en influencant la prolifération des 
tumeurs par une hyperméthylation ou hypométhylation de l’ADN (Sadikovic and Rodenhiser 
2006). Il peut également conduire à l’apoptose (la mort cellulaire programmée) si des 
mécanismes de réparation ne se mettent pas en place ou s’avèrent inefficaces. Il agit aussi au 
niveau de la progression en altérant la communication entre les cellules, un processus essentiel 
au maintien de l’homéostasie (Lee et al. 2013). En agissant au niveau des jonctions adhérentes 
et lacunaires qui permettent les échanges entre les cellules, le BaP perturbe la diffusion de 
molécules de signalisation qui contrôlent la prolifération cellulaire, l’arrêt du cycle, la survie 
des cellules ou leur apoptose (Tekpli et al. 2010). 
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Figure 2 : Étapes de la cancérogénicité induite par le benz(a)pyrène d’après Oliveira et al. 
(2007) 
 
Le BaP est donc un cancérogène d’intérêt particulier étant donné son potentiel à agir à 
toutes les étapes de la cancérogenèse.  
 
1.3. Le Benzo[a]pyrène 
 
1.3.1. Toxicocinétique 
 
L’absorption du BaP peut se faire par trois voies : cutanée, respiratoire et gastro-intestinale. Le 
BaP se distribue rapidement dans l’organisme et de par son caractère lipophile, il va 
s’accumuler dans les graisses avant d’être relâché progressivement dans la circulation 
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 sanguine. Le BaP va être pris en charge par un système enzymatique de cytochrome P450 dont 
le rôle principal est de catalyser une réaction de mono-oxygénation pour rendre les substrats 
plus hydrophiles en y introduisant un groupement polaire grâce à l’oxygène ou en dégageant 
une fonction pour augmenter la polarité afin de faciliter leur élimination.  
 
L’ensemble du CYP 450 comprend une hémoprotéine et un système de support qui lui fournit 
les électrons donnés par le NADPH via la flavoprotéine NADPH-cytochrome-P450-oxydo-
réductase. On retrouve ce système enzymatique dans tous les organes, mais essentiellement 
dans le foie (Ding and Kaminsky 2003). Les CYP 450 1A1, 1A2 et 1B1 sont les enzymes les 
plus actives, et sont principalement retrouvées dans les tissus extra hépatiques (Shimada et al. 
1996). Le CYP 1A1 est l’enzyme hépatique la plus importante pour le métabolisme du BaP, 
impliquée principalement dans sa détoxification et le CYP 1B1 étant impliqué plus 
spécifiquement dans sa transformation en 7,8-diolBaP (Uno et al. 2006). Récemment, il a été 
montré qu’il pouvait également y avoir une induction de CYP 3A4 n’intervenant pas dans la 
métabolisation de la substance mère, mais intervenant plutôt dans la transformation des 
dihydrodiols en diol époxydes, bien qu’à un niveau moindre que les autres cytochromes 
(Luckert et al. 2013; Shimada et al. 2001). 
 
La biotransformation du BaP se fait en deux phases :  
 
- La phase I va rendre le composé plus hydrosoluble pour faciliter son excrétion. Bien 
que la plupart du temps la biotransformation se traduise par une détoxification, des 
réactions de phase I peuvent conduire à la formation de métabolites plus réactifs 
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 devenant capables de se lier à des macromolécules. C’est ce que l’on appelle la 
bioactivation (Baird et al. 2005; Shimada and Fujii-Kuriyama 2004).  
- La phase II est une phase de conjugaison de ces composés actifs en vue de leur 
élimination dans les fèces ou dans les urines. Les métabolites nucléophiles 
(dihydrodiols, phénols) vont se conjuguer à l’acide glucuronique ou au sulfate (UDP-
glucuronyl-transférase UGT, sulfotransférase SULT) alors que les métabolites 
électrophiles (arènes oxydes, diols époxydes, quinones) vont préférentiellement se lier 
au glutathion (glutathion-S-transférase) (Fang et al. 2002; Gelboin 1980). Il est aussi 
possible de retrouver dans les urines des conjugués à l’acide mercapturique issus de 
transformations métaboliques des conjugués au glutathion (Haufroid and Lison 2005).  
 
 
1.3.2. Cancérogenèse 
 
1.3.2.1. Lésions à l’ADN 
 
Les lésions à l’ADN se manifestent lors des trois voies de métabolisation du BaP (Figure 3 et 
5) : 
 
- La voie du 8-dihydroxy-9,10-époxy-7,8,9,10-tétrahydrobenzo[a]pyrene (BaPDE) 
- La voie des adduits au radical cation 
- La voie des quinones 
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Figure 3 : Les 3 voies d’activation du benzo[a]pyrène d’après Zhang et al. (2012) 
 
Adduits de la voie du BaPDE 
 
La voie des adduits du BaPDE implique trois réactions enzymatiques. Tout d’abord, une 
oxydation catalysée par les CYP 450 va conduire à la formation d’arènes oxydes très instables. 
S’en suit une hydrolyse par une époxyde hydrolase microsomale formant un trans-dihydrodiol 
(Yang et al. 1977). Pour finir, une nouvelle oxydation d’une double liaison adjacente à la 
fonction diol, via les CYP 450, va aboutir à la formation d’un diol-époxyde.  
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 Ce diol-époxyde est capable de se lier à l’ADN au niveau d’une région particulière appelée « 
la région baie », en raison de son caractère électrophile (Koreeda et al. 1978; Phillips and 
Grover 1994). L’une des particularités de cette activation métabolique est la formation de 
stéréo-isomères (figure 3). Il existe quatre isomères du BaPDE. Chaque isomère peut donner 
naissance à deux énantiomères d’adduits, cis ou trans, selon l’ouverture de l’époxyde lors de 
la réaction avec l’ADN. Cela conduit à la formation de quatre paires de diastéréoisomères 
pour chacun des adduits, puisque chacun des quatre isomères du BaPDE peut former deux 
énantiomères d’adduits pour chaque site de fixation à l’ADN (Figure 4). L’isomère le plus 
réactif vis-à-vis de l’ADN est le (+)-anti-BaPDE (Dipple 1994). Les adduits sont formés 
principalement avec les groupes amino exocycliques de la 2’-désoxyguanosine (dGuo) et de la 
2’-désoxyadénosine (dAdo) de l’ADN (Dipple 1994). Cependant, d’autres adduits peuvent se 
former en position N4 de la désoxycytidine (Wolfe et al. 2004). 
 
Adduits du radical cation 
La formation du radical cation se fait par le déplacement d’un électron de la molécule grâce à 
une oxydation par une peroxydase des CYP 450 (Cavalieri and Rogan 1995). Les adduits du 
radical cation sont relativement instables. Ils vont se fixer en position N7 des bases guanines et 
en position N7 ou N3 des bases adénines. Leur instabilité va conduire à une dépurination qui 
va résulter en la formation de sites apuriniques. Ces sites sont les lieux de dommages 
importants à l’ADN (Devanesan et al. 1992). 
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Figure 4 : Isomères du BaP-7,8-diol-9,10-époxide et adduits à l’ADN 
 
Voie des quinones 
Il y a deux voies dans la formation des quinones. Lors de son métabolisme, le BaP va être 
transformé en diolBaP et plus particulièrement en 7,8-diolBaP. Ce dernier va être oxydé par 
des Aldo kéto réductase (Akr) en 7,8-dione-BaP ayant la capacité de se lier à l’ADN et 
libérant au passage des espèces réactives de l’oxygène (ERO) (Shou et al. 1993). D’un autre 
côté, via la formation de 1,6- et 3,6-dione-BaP à partir de 6-OHBaP par des réarrangements 
non enzymatiques, les quinones vont exercer leur toxicité par des dommages à l’ADN ou la 
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 libération d’ERO (Xue and Warshawsky 2005). Parmi les ERO, on trouve le radical anion 
superoxyde (O2.–) et le peroxyde d’hydrogène (H2O2). Une interaction entre ces deux 
molécules ou la décomposition de H2O2 peuvent donner naissance à des radicaux hydroxyles 
(OH.) très réactifs vis-à-vis de l’ADN (Kim and Lee 1997). Parallèlement, l’enzyme NQO1 va 
réduire les dommages en catalysant la transformation des quinones en hydroquinones, 
réduisant ainsi la cancérogénicité des quinones (Joseph and Jaiswal 1994; Long et al. 2000).  
 
En plus d’intervenir dans la formation de mécanismes oxydatifs ayant des effets cancérogènes, 
les BaPdiones pourraient aussi activer les CYP 450 et augmenter ainsi la formation d’adduits 
du BaPDE (Burczynski and Penning 2000; Jiang et al. 2005). 
 
Les trois voies de métabolisation du BaP induisent la formation de dommages à l’ADN 
(adduits à l’ADN ou dommages en lien avec la libération d’espèces réactives de 
l’oxygène). Les cellules vont alors développer des mécanismes de réparation ou 
d’adaptation aux dommages lorsque la lésion de l’ADN est irréparable. 
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Figure 5 : Les différentes voies métaboliques du BaP (Moreau et al. 2013b) 
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1.3.2.2. Conséquences des lésions à l’ADN et du stress oxydatif 
 
Les conséquences de l’interaction de molécules actives avec l’ADN conduisent à l’activation 
de divers mécanismes à différents niveaux:  
 
- Cycle cellulaire 
- Communication cellulaire 
- Méthylation de l’ADN 
- Activité enzymatique 
- Réparation 
 
Altération du cycle cellulaire  
Le cycle cellulaire représente les étapes menant d’une cellule mère à deux cellules filles par 
division mitotique conduisant ainsi à la prolifération cellulaire (Figure 6). Entre deux mitoses, 
il y a l’interphase, stade pendant lequel les chromosomes vont être décondensés et distribués 
dans le noyau. On distingue trois phases dans ce processus : une phase de croissance cellulaire 
(G1), une phase de réplication de l’ADN (S) et une phase de croissance et de préparation à la 
mitose (G2). C’est au niveau des phases G1 et G2 qu’il existe des points de contrôle qui vont 
permettre à la cellule de s’assurer que la prolifération cellulaire se déroule dans les meilleures 
conditions (Elledge 1996).  
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Figure 6 : Le cycle cellulaire d’après Dolisi (2013) 
 
Récemment, il a été montré que le récepteur aryl hydrocarbone (AhR) contrôlait la progression 
au niveau du cycle cellulaire (Andrysik et al. 2007). En se fixant à ce récepteur, le BaP peut 
engendrer de multiples perturbations du cycle cellulaire. Notamment, les adduits du BaPDE 
vont provoquer une cascade de signalisation provoquant des arrêts du cycle au niveau des 
points de contrôle G1/S et S/G2 (Hamouchene et al. 2011). L’objectif est d’empêcher la 
prolifération de cellules avec des dommages à l’ADN et donc la survenue de mutations par la 
mise en place de mécanismes de réparation. Il est aussi possible que l’accumulation de cellules 
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 en phase S ne soit pas liée à un arrêt du cycle cellulaire, mais à une prolifération intensive des 
cellules. Le BaP peut provoquer une prolifération du cycle cellulaire par la surexpression des 
Cyclin D, Cdk2 et Cdk4 jouant un rôle au niveau des points de contrôle G1/S et S/G2. 
Cependant, une surexpression de P53 va avoir pour conséquence de bloquer l’effet de la cyclin 
D, de Cdk2 et Cdk4 et donc de bloquer le cycle cellulaire en phase S (Figure 7). Le BaP a 
donc une action inhibitrice et une action promotrice du cycle cellulaire (Wang et al. 2009).  
 
BaP
Cyclin E, p53, p21
Cyclin D, Cdk2, 4
p53 Cyclin A, E, p21
Cycle 
cellulaire
 
Figure 7 : Effet du BaP sur le cycle cellulaire (Wang et al. 2009) 
 
P53 est donc un facteur de transcription jouant un rôle critique dans la prolifération cellulaire 
la réparation et l’apoptose. Dans une cellule normale, les niveaux de P53 sont très faibles. En 
effet, en l’absence de tout stress, l’enzyme MDM2 (une E3 ubiquitine ligase) est fixée à P53 
induisant ainsi sa destruction. Une cellule déficiente en MDMd2 va provoquer une 
accumulation incontrôlable de P53 devenant létale pour le développement (Jones et al. 1995). 
En présence de BaP, P53 et MDM2 se dissocient, ce qui conduit à une augmentation de la 
quantité de P53 dans la cellule (Kastan et al. 1991). P53 va alors activer la transcription d’un 
grand nombre de gènes impliqués dans la réparation, la régulation du cycle cellulaire et 
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 l’apoptose (Funk et al. 1992; Santhanam et al. 1991). Cela pourra conduire à deux résultats, 
soit l’arrêt du cycle cellulaire, soit l’apoptose. L’arrêt du cycle cellulaire permet à la cellule de 
stimuler ses mécanismes de réparation. Lorsque la réparation est effectuée, le taux de P53 
retourne à la normale et le cycle cellulaire reprend. Dans d’autres cas, lorsque les dommages 
subis par la cellule ne peuvent pas être réparés, la cellule entre en apoptose (figure 8).  
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Figure 8 : Contrôle de la progression dans le cycle cellulaire d’après Boudeau (2012) 
 
D’autres mécanismes n’impliquant pas P53 peuvent aussi intervenir dans la dérégulation du 
cycle cellulaire après une exposition au BaP. En effet, il a été montré que dans certaines 
lignées cellulaires déficientes en P53, il se produisait également des arrêts du cycle cellulaire 
(Vaziri and Faller 1997). Une autre voie, indépendante de P53, va impliquer la protéine du 
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 rétinoblastome (Rb) (Figure 9). Cette protéine est connue pour réguler un des points de 
contrôle en phase G1. Dans une cellule en développement, des complexes cyclines D-kinase 
dépendante (Cycline D-Cdk4 et 6) et cycline E-kinase dépendante (Cycline E-Cdk2) vont 
s’accumuler dans le noyau cellulaire et phosphoryler la protéine du rétinoblastome (Rb) 
libérant ainsi le facteur de transcription E2F qui va favoriser l’entrée en phase S (Weinberg 
1995). Ces complexes cyclines-cdk pourront être inhibés par l’expression de gènes 
suppresseurs de tumeurs (P16, P21) et auront pour conséquence d’inhiber la phosphorylation 
de la protéine Rb. Une surexpression de P16 conduira donc à un arrêt du cycle cellulaire en 
G1 par la séquestration de E2F par la protéine Rb (Foulkes et al. 1997).  
 
Communication cellulaire 
La communication entre les cellules est essentielle au maintien de l’homéostasie. Les 
jonctions adhérentes sont impliquées dans les intéractions cellulaires et dans la signalisation. 
Ce sont les jonctions lacunaires qui permettent les échanges entre cellules. Elles facilitent ainsi 
le passage d’une cellule à l’autre de molécules de signalisation qui contrôlent la prolifération 
cellulaire, l’arrêt du cycle cellulaire, la survie des cellules ou leur apoptose. Le but des cellules 
cancéreuses est de se multiplier pour étendre leur effet néfaste à l’organisme. Ces jonctions 
communicantes sont formées de canaux, composés de connexines, traversant la membrane 
cellulaire. Ces canaux vont alors permettrent le passage de multiples molécules de petites 
tailles souvent < à 1200 Da (Blaha et al. 2002). La phosphorylation de certains résidus sur ces 
connexines, associée à des conditions favorables (pH, voltage…) va favoriser l’ouverture ou la 
fermeture des canaux (Wolburg and Rohlmann 1995). Selon Blaha et al. (2002), la 
phosphorylation de certaines connexines (Cx43) passe par l’activation de protéines kinases 
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 (PKC et MAPK) ou de tyrosines kinases. Cependant les mécanismes impliqués sont encore 
mal documentés. Lee et al. (2013) ont également montré que le BaP inhibait la communication 
intercellulaire au niveau des jonctions communicantes de type GJIC (gap junction intercellular 
communication) contribuant ainsi à la promotion des tumeurs. Ils ont montré que le BaPDE 
était un inhibiteur de la communication au niveau des GJIC et que cette inhibition passait par 
une hyperphosphorylation de la connexine 43 via la phosphorylation de protéines kinases 
(MEK et ERK).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 : Effets des dommages à l’ADN au niveau de la phase G1 du cycle cellulaire d’après 
Shackelford et al. (1999) 
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 Méthylation de l’ADN 
La stabilité génomique est essentielle au maintien de l’intégrité cellulaire et à la survie. Des 
changements au niveau épigénétique comme des phénomèmes de perturbation de la 
méthylation peuvent être à l’origine d’instabilité génomique et peuvent altérer l’expression de 
nombreux gènes conduisant ainsi au développement de cancers (Jones 2002). Certains 
chercheurs comme Sadikovic (2006) ont montré que le BaP pouvait provoquer une 
hyperméthylation ou une hypométhylation de l’ADN, avec comme conséquence, d’une part, la 
répression de la transcription ou, d’autre part, l’apparition d’une instabilité génique. Ces 
phénomènes d’hyper et hypométhylation vont ainsi influencer sur la prolifération des tumeurs. 
Par exemple, une hyperméthylation d’un promoteur va réprimer la transcription et plus 
particulièrement celle des gènes suppresseurs de tumeurs. Une hypométhylation va induire des 
tumeurs en activant des oncogènes (Sadikovic and Rodenhiser 2006). On sait que le gène 
suppresseur de tumeurs p53 est associé à des tumeurs pulmonaires chez les fumeurs 
(Denissenko et al. 1996). Ces mutations ont lieu au niveau des sites CpG de certains codons 
du gène p53. Cela pourrait s’expliquer par le fait que le BaPDE ait une meilleure affinité avec 
la guanine au niveau des séquences méthylées meCpG plutôt que non méthylées (Denissenko 
et al. 1997; Weisenberger and Romano 1999). Une autre étude a démontré que des mutations 
causées par le BaPDE pouvaient avoir lieu au niveau des sites CpG conduisant à des mutations 
transverses (Yoon et al. 2001).  
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 Altération de l’activité enzymatique  
Le récepteur Ah (AhR) réagit aux signaux extra cellulaires et aux stress environnementaux en 
affectant la croissance cellulaire (Figure 10). Ce récepteur contrôle l’expression d’une 
multitude de gènes codant pour des enzymes du métabolisme incluant les cytochromes P450 
(Harrigan et al. 2006a). Le BaP peut donc favoriser, par sa liaison à AhR, l’expression de 
gènes codant pour des enzymes catalysant son propre métabolisme (Cyp 1a1 et 1b1), 
contribuant ainsi à la formation d’adduits à l’ADN impliqués dans l’initiation de cancers 
(Hockley et al. 2007). 
BaP
AhR
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AhR = Récepteur aryl-hydrocarbone
AIP = Aryl-hydrocarbone receptor-interacting
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Figure 10 : Schéma simplifié de l’induction des gènes Cyp1a1 et 1b1 par le BaP  
 
AhR est une protéine soluble retrouvée dans le cytosol des cellules. En absence de ligand, il 
est associé à deux protéines chaperonnes (hsp90 et hsp 23) (Kazlauskas et al. 1999; Perdew 
1988) et à une protéine AIP (immunophilin-like protein) qui le séquestrent dans le cytoplasme. 
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 Lorsque le BaP se fixe au récepteur, le complexe migre dans le noyau de la cellule en se 
dissociant des protéines hsp et se lie à l’élément de réponse aux xénobiotiques (XRE) avec la 
protéine ARNT (Ah Receptor Nuclear Translocator). Il va alors induire la transcription d’une 
batterie de gènes impliqués dans le métabolisme du BaP (Cyp1a1, 1b1, 1a2, Nqo1, Gst…) 
(Nebert et al. 2004; Shimada et al. 2002; Sutter and Greenlee 1992; Vondracek et al. 2009). 
Des souris déficientes en récepteur Ah (AhR-/-) ont montré une résistante à la cancérogénicité 
(Shimizu et al. 2000). En effet, les auteurs ont expliqué ce phénomène par l’incapacité de ces 
souris à exprimer le cytochrome 1A1 qui métabolise le BaP en carcinogène ultime. Ils en ont 
conclu que le récepteur Ah était impliqué dans la cancérogénicité du BaP. Une autre étude 
chez des souris AhR-/- a aussi montré une absence d’induction du CYP1A1 mais également 
du CYP1B1. Chez les souris AhR+/+, l’exposition au BaP a quant à elle augmenté 
l’expression de ces deux cytochromes (Shimada et al. 2002). D’autres études comme celles de 
Sagredo et al. (2006) et Uno et al. (2006) ont montré que chez des souris déficientes en AhR 
ou en CYP1A1, l’administration orale de BaP induisait une augmentation de la quantité 
d’adduits et une diminution du métabolisme du BaP. Ces nombreuses études montrent 
l’importance des cytochromes dans le métabolisme mais également la complexité des 
mécanismes en lien avec le récepteur Ah. Le récepteur Ah n’est pas seulement impliqué dans 
la transcription de gènes codant pour des enzymes de bioactivation ou de détoxification du 
BaP. Il a récement été montré que AhR était également impliqué dans la perte de l’inhibition 
de contact (Andrysik et al. 2007). Andrysik et al. ont montré que le BaP induisait l’apoptose 
mais également une accumulation de cellule en phase S par une augmentation des complexes 
Cyclin A/cdk2, une régulation à la baisse de P27 et une hyperphosphorylation de pRb. Un 
27 
 blocage du récepteur Ah a réduit l’expression des CYP1A, atténué l’apoptose et la 
prolifération cellulaire.  
Le BaP peut aussi induire l’expression de gènes codant pour des enzymes de détoxification 
comme Nqo1 (Figure 11). Une des réponses de défense cellulaire contre le stress oxydatif est 
l’activation de Nrf2 qui contrôle l’expression de gènes qui codent pour des protéines de 
détoxification et d’élimination des réactifs oxydants et des agents électrophiles (Kaspar et al. 
2009). C’est un facteur de transcription. NRF2 est lié à KEAP1, lequel joue un rôle de 
répresseur (Itoh et al. 2003). Non lié, il est alors en mesure de migrer dans le noyau, où il va 
s'hétérodimériser avec les protéines c-FOS et c-JUN notamment et se lier à aux éléments de 
réponse antioxydante (ARE) dans la région promotrice en amont de nombreux gènes 
antioxydants comme Nqo1, où il entamera leur transcription (Venugopal and Jaiswal 1996). 
NRF2 régule à la hausse sa propre expression en se liant aux éléments de réponse antioxydants 
(ARE) dans sa région promotrice (Nguyen et al. 2009).  
 
 Figure 11 : Rôle de NRF2 dans le stress oxydatif (Nguyen et al. 2009) 
28 
 Réparation de l’ADN 
Les adduits formés suite à une exposition au BaP vont causer des changements dans la 
structure de l’ADN conduisant ainsi à l’introduction de mutations lors de la réplication (Yang 
et al. 1999). Les conséquences de ces mutations peuvent être plus ou moins graves 
dépendamment de leur ampleur. Parfois, la modification d’un seul acide aminé peut modifier 
complètement la structure d’une protéine et donc altérer son fonctionnement conduisant à des 
cancers ou des maladies génétiques. Des mécanismes de réparations vont alors se mettre en 
place. Cependant, une réparation incorrecte des cassures doubles brins (DSB) peut aussi 
induire une instabilité génomique conduisant à la mutagénicité (Helleday et al. 2007). 
 
Les systèmes protéiques impliqués dans la réparation sont multiples et spécialisés dans 
diverses fonctions de réparation pendant la transcription et la réplication. Ces complexes ne 
sont pas uniques et il est possible de les retrouver dans plusieurs systèmes de réparation 
comme la réparation par excision de nucléotides (NER), la réparation par excision de base 
(BER) ou la réparation par recombinaison homologue ou non homologue (Izumi et al. 2003). 
Par exemple, la protéine BRCA1 est souvent associée à RAD51 suggérant son implication 
dans la réparation des cassures double brins (Scully et al. 1997). Cependant, BRCA1 est aussi 
connu pour son rôle dans la réparation BER (Saha et al. 2010). 
 
La réparation par excision de nucléotides (NER) permet de corriger des lésions causées par 
les adduits BaPDE (Braithwaite et al. 1998). Ce mécanisme permet l'excision sur le brin 
endommagé d'un segment de plusieurs nucléotides encadrant la lésion. Des hélicases vont 
ouvrir l’ADN de part et d’autre de la lésion. Des endonucléases simple-brin vont couper en 5’ 
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 et en 3’ de la lésion. Puis après l’excision, une ADN polymérase va synthétiser un nouveau 
brin en utilisant comme matrice le brin intact et une ADN ligase va reformer l’ADN. Il existe 
deux types de mécanismes de réparation par excision de nucléotides: le mécanisme réparant 
les lésions sur l'ensemble du génome, appelé GG-NER, et celui réparant les lésions bloquant la 
transcription, appelé TC-NER (Friedberg et al. 1995). 
 
La réparation par excision de base (BER) permet la réparation d'un dommage au niveau 
d’une base individuelle de l’ADN généré par les espèces réactives de l’oxygène libérées lors 
du métabolisme du BaP. Une ADN glycosylase va éliminer la base endommagée et une 
endonucléase va cliver le désoxyribose. Le nouvel espace va être rempli grâce à une ADN 
polymérase qui va utiliser la base opposée comme matrice. Puis, une ADN ligase va suturer le 
brin réparé (Izumi et al. 2003). Pour la réparation des cassures, il existe deux mécanismes de 
réparation: la recombinaison homologue qui va permettre la réparation des cassures simple et 
double brins et la réparation non homologue, celle des cassures double brins.  
 
Les actions du BaP à tous les niveaux des processus menant au développement de 
cancers en font un modèle intéressant à étudier surtout chez les travailleurs qui y sont 
exposés quotidiennement. Quant à l’étude du continuum exposition-effet, elle est 
essentielle à la compréhension des mécanismes biologiques impliqués. 
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 1.4. Continuum exposition-effet cancérogène au BaP 
 
Le BaP agit à de nombreux niveaux dans l’organisme. L’un de ses effets est son action dans le 
processus complexe de la cancérogenèse (Figure 12). 
 
 
 
 
 
 
 
 
 
Figure 12 : Continuum exposition-effet sur l’ADN 
 
Les avancées scientifiques ont fait des biomarqueurs un outil essentiel et incontournable en 
analyse de risque. On distingue trois types de biomarqueurs : 
- Les biomarqueurs d’exposition ont le pouvoir d’estimer les doses absorbées à partir de 
mesures internes. Il s’agit d’une mesure quantitative d’un produit comme le BaP ou de 
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 ses métabolites dans les milieux biologiques (urine, fèces, sang, lait maternel, sueur, 
salive, ongles, cheveux). En déterminant les voies d’absorption (inhalation, ingestion, 
cutanée), il est possible de suivre la cinétique d’élimination de la substance et de ses 
métabolites dans l’organisme. 
- Les biomarqueurs de la dose biologiquement efficace sont aussi caractéristiques de la 
dose interne et sont représentés essentiellement par les adduits à l’ADN. 
- Les biomarqueurs d’effet permettent de détecter les effets d’une substance comme les 
mutations génétiques, les altérations nucléiques, les altérations de l’activité 
enzymatique ou encore les altérations structurales ou fonctionnelles. 
 
1.4.1. Surveillance biologique de l’exposition 
 
1.4.1.1. Biomarqueurs d’exposition 
 
La toxicocinétique vise à définir le devenir d’une substance dans l’organisme en fonction du 
temps et de la voie d’exposition et est indispensable à l’interprétation des données de 
surveillance biologique. L’utilité du 1-hydroxypyrène (1-OHP) est avérée et établie depuis de 
nombreuses années (Bouchard et al. 1998b; Jongeneelen et al. 1985; Jongeneelen et al. 1988). 
Selon Jacob et Seidel (2002), trois caractéristiques essentielles font du 1-OHP un métabolite 
utile pour la surveillance biologique des personnes exposées aux HAP. Les méthodes 
analytiques sont 1-fiables et reproductibles, 2-suffisamment sensibles pour détecter le 1-OHP 
à de faibles concentrations dans les urines et 3-il est présent en grande quantité dans les 
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 mélanges de HAP. En effet, des concentrations élevées en 1-OHP ont été observées chez les 
travailleurs de nombreuses industries comme les alumineries, les cokeries ou chez les 
travailleurs de l’asphalte (Seidel et al. 2002; Zhao et al. 1990). Même si de nombreux auteurs 
ont noté que les concentrations en 1-OHP étaient fortement corrélées aux concentrations 
atmosphériques de HAP, faisant de lui un bon biomarqueurs (Bouchard and Viau 1999; M and 
C 2004; Ovrebo et al. 1994; Zhao et al. 1995), il ne reflète cependant pas l’exposition aux 
HAP les plus inquiétants à cause de leurs propriétés cancérogènes. 
 
Cela a conduit certains chercheurs à s’intéresser à d’autres biomarqueurs d’exposition et 
notamment Bouchard et al. (2010), qui ont souligné l’intérêt du 3-hydroxybenzo[a]pyrène (3-
OHBaP) dans la surveillance biologique de l’exposition aux HAP cancérogènes. Le 3-OHBaP 
a donc particulièrement été étudié ces dernières années et des méthodes extrêmement sensibles 
ont été développées pour permettre une meilleure détection de ce métabolite puisque ses 
concentrations urinaires sont beaucoup plus faibles que le 1-OH-pyrène, d’un facteur pouvant 
aller de 1000 à 10000 (Barbeau D 2009; Gundel et al. 2000; Lafontaine et al. 2004; Simon et 
al. 2000). De nombreuses comparaisons ont été faites entre le 1-OHP et le 3-OHBaP. Il s’est 
avéré que ces deux métabolites avaient des profils cinétiques différents, le 1-OHP étant 
éliminé plus rapidement que le 3-OHBaP (Bouchard and Viau 1996b). Les demi-vies de 
seconde phase d’élimination calculées pour chaque métabolite ont été évaluées à 6,6 h pour le 
1-OHP et à 7,6 h pour le 3-OHBaP. Après injection du composé parent, ces demi-vies étaient 
respectivement de 6,9 h et 8,1 h. La bonne corrélation entre ces demi-vies montre bien que le 
3-OHBaP est un aussi bon biomarqueur que le 1-OHP malgré le fait qu’il soit retrouvé en 
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 moins grande quantité dans les urines et qu’il ait un profil atypique d’excrétion (Bouchard and 
Viau 1996b). 
 
D’autres métabolites du BaP méritent une étude approfondie de leur cinétique car ils 
pourraient constituer d’excellents biomarqueurs. De nombreuses études ont donc été menées 
chez l’animal. En effet, comme il l’a été souligné par Bouchard et al. (1996b; 1997), pour bien 
estimer l’exposition, il est très important de connaitre la cinétique de plusieurs biomarqueurs. 
En particulier, la cinétique urinaire du 4,5-diolBaP a été évaluée pour l’exposition au BaP par 
voie intraveineuse (Bouchard and Viau 1996b) et celle du 4,5-diolBaP et 7,8-diolBaP par voie 
intrapéritonéale (Won Lee 2003) et orale (Ramesh et al. 2001b) chez le rat. Le 4-5-
dihydrodiol-Bap a été montré comme étant, avec le 3-OHBaP, un métabolite important du BaP 
avec une excrétion extrêmement rapide. Le 4,5-diolBaP est éliminé en 24 heures alors que le 
3-OHBaP persiste après 72 heures (Jongeneelen et al. 1984). Ces résultats ont été appuyés par 
Bouchard et Viau (1996a) qui ont montré la linéarité de la cinétique du 4,5-diolBaP et son 
élimination rapide dans les urines (100% éliminé dans les premières 24 h). Le profil atypique 
du 3-OHBaP, présentant un maximun d’excrétion seulement 10 heures après traitement alors 
que ce maximum est atteint immédiatement après injection pour le 4,5-diolBaP, a été expliqué 
plus récemment (Bouchard and Viau 1996b; Heredia-Ortiz and Bouchard 2013; Marie et al. 
2010a).  
 
D’autres biomarqueurs comme les BaPtétrol sont très intéressants pour l’estimation du risque 
cancérogène malgré des données cinétiques limitées (Godschalk et al. 1997). Une étude a 
montré le potentiel du r-7,t-8,9,c-10-tetrahydroxy-7,8,9,10-tétrahydrobenzo[a]pyrène (Trans-
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 anti-BaP-tetrol) comme biomarqueur du BaP (Wu et al. 2002). Il est reconnu que le BaPDE 
est le métabolite final menant à la formation des adduits à l’ADN. Or selon une étude récente, 
78% du BaPtétrol mesuré dans des urines de travailleurs exposés à la créosote proviendrait de 
cette voie du diol-époxyde (Hecht et al. 2010). De plus, les niveaux urinaires de BaPtétrol 
retrouvés chez le rat ou la souris après inhalation de BaP se sont avérés deux fois plus élevés 
que les niveaux de 3-OHBaP (Wang et al. 2003b) 
 
Les BaPdiones (1,6-dione-BaP; 3,6-dione-BaP et 7,8-dione-BaP) appartenant à la voie des 
quinones ne sont pas à négliger en tant que biomarqueurs. En effet, ils ont un fort potentiel de 
dommages à l’ADN avec la libération d’espèces réactives de l’oxygène lors de leur formation. 
Aucune étude ne s’est intéressée à leur cinétique.  
 
Dans l’évaluation des risques associés à l’exposition au BaP, il faut également considérer la 
problématique de la voie d’exposition. La population générale ainsi que les travailleurs sont 
exposés quotidiennement aux HAP. L’alimentation demeure la source la plus importante de 
l’exposition, mais l’inhalation et l’exposition cutanée demeurent des voies d’exposition 
importantes, surtout chez les travailleurs (Waldman et al. 1991).  
 
À l’heure actuelle, très peu d’études de toxicocinétiques ont été réalisées par inhalation 
probablement lié à la cancérogénicité du BaP et aux problèmes techniques de la mise en place 
de telles expérimentations. Seules les études de Ramesh et al. (2001a) et Wang et al. (2003b) 
ont mesuré le BaP et le 3-OHBaP dans l’urine de rats exposés à des fumées d’asphalte. La 
plupart des études ont utilisé l’instillation intratrachéale comme alternative à l’inhalation 
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 (Tornquist et al. 1988; Weyand and Bevan 1986). Cette technique présente l’avantage de 
délivrer la dose exacte dans les poumons, d’éviter toute contamination cutanée et surtout les 
procédures sont plus simples minimisant ainsi les risques liés à la cancérogénicité pour le 
personnel.  
 
Les données suite à une administration orale sont nombreuses chez l’animal. Certaines études 
se sont intéressées à l’effet de faibles doses de BaP et on regardé la cinétique du BaP dans le 
sang (Foth et al. 1988) ou dans les fèces et les urines de rats (van de Wiel et al. 1993). Seule 
l’étude de Ramesh et al. (2001b) a évalué la toxicocinétique du BaP et de plusieurs de ses 
métabolites dans divers tissus, mais à une dose très élevée de 100 mg/kg. 
 
En milieu de travail, la voie principale d’exposition est l’inhalation, mais il faut aussi prendre 
en compte dans certaines industries (Aluminium, créosote, industrie pétrochimique) la voie 
cutanée (Bouchard and Viau 1999). Une étude de Ferreira et al. (1994) a montré que dans 
deux industries (Coke et électrode en graphites), pour une même exposition, la quantité de 1-
OHP urinaire était plus importante chez les travailleurs d’électrodes en graphites. Cela suggère 
donc une contribution de l’adsorption par la peau. Des études chez le rat ont aussi montré 
l’influence des différentes voies d’exposition. Il a été montré que l’excrétion du 3-OHBaP et 
du 4,5-diolBaP était comparable après injection intra veineuse (IV) et gavage, mais surtout 
plus importante qu’après une application cutanée. Pour le 3-OHBaP, le pic d’excrétion se situe 
dans les 24 h post gavage ou post injection IV. Ce pic est atteint entre 24 et 48 h après une 
application cutanée (Bouchard and Viau 1997; Viau et al. 1999). 
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 Les données toxicocinétiques du BaP et de ses métabolites sont nombreuses mais encore 
incomplètes. Les différences de profils entre le 1-OHP et le 3-OHBaP en fonction du 
temps et de la voie d’exposition montrent l’importance d’évaluer plusieurs 
biomarqueurs d’exposition. La toxicocinétique de plusieurs biomarqueurs d’intérêt dont 
le 3-OHBaP, le 4,5-diolBaP, le 7,8-diolBaP et le BaP-7,8,9,10-tétrol doit donc encore être 
documentée et celle de potentiels biomarqueurs comme les BaPdiones reste à développer. 
Ces études sont une étape fondamentale dans la validation de biomarqueurs d’exposition 
aux HAP.  
 
1.4.1.2. Biomarqueurs de la dose biologiquement efficace 
 
La mesure d’adduits à l’ADN comme biomarqueurs de la dose biologiquement efficace est 
également largement utilisée. En effet, il est reconnu depuis maintenant de nombreuses années 
que le BaP est biotransformé en métabolites réactifs pouvant induire des dommages au niveau 
de l’ADN. Selon des études in vitro, le BaPDE est considéré comme étant le métabolite 
cancérogène terminal pouvant se lier à l’ADN et induire des mutations (Sayer et al. 1991).  
 
Une des étapes importante de l’évaluation de l’exposition à une substance et dans sa mise en 
relation avec des effets potentiels, est la détermination de la cinétique des adduits à l’ADN 
dans différents tissus cibles. Idéalement, les mesures d’adduits au tissu cible permettrait 
d’avoir une bonne évaluation des effets. Cependant, pour des raisons éthiques, les recherches 
se sont concentrées sur des mesures d’adduits à l’ADN dans les cellules sanguines. Il a été 
montré dans des études in vivo chez le rat que l’analyse des adduits dans les cellules du sang 
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 permettait de déterminer l’exposition par l’ensemble des voies (Godschalk et al. 2000). 
Godschalk et al. ont également montré que la cinétique d’élimination des adduits à l’ADN 
était différente en fonction de la voie d’exposition (intratrachéale, orale ou cutanée). D’autres 
études ont été effectuées pour documenter la cinétique de formation des adduits à l’ADN chez 
le rat (Ginsberg and Atherholt 1990; Godschalk et al. 2000; Marie et al. 2010b; Qu and Stacey 
1996). En particulier, la cinétique de formation et de réparation des adduits du BaPDE à 
l’ADN dans le sang, le foie et le poumon suite à une exposition intraveineuse au BaP chez le 
rat a récemment été évaluée (Marie et al. 2010a).  
 
Ces expériences ont montré l’importance de bien documenter la cinétique 
d’augmentation et de diminution des adduits afin de tenter de lier cette étape d’initiation 
de la cancérogenèse avec les étapes de promotion et progression pouvant être accélérées 
par le BaP. 
 
1.4.2. Surveillance biologique de l’effet précoce 
 
Les avancées scientifiques en biologie moléculaire, en toxicogénomique et en bio-
informatique sont de véritables révolutions dans le sens où elles permettent de mieux 
appréhender et de mieux caractériser les relations entre l’exposition et les effets (Table 2). 
Elles permettent aussi de passer de simples mesures d’exposition ou d’effet chez les animaux à 
des tests in vitro sur des cellules humaines de préférence, capables de déterminer tout 
changement dans les fonctions biologiques.  
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Ces dernières années, face à la complexité du fonctionnement de notre organisme, les 
avancées en toxicogénomique, protéomique, métabonomique et pharmacogénomique ont 
permis d’avoir une vue complète des systèmes biologiques modulés par des substances 
toxiques (Ekins et al. 2005). Notre organisme travaille de façon complexe et globale dans le 
but d’unifier les systèmes. En aucune manière il ne travaille de façon cloisonnée où chaque 
unité biologique est indépendante. Les nouvelles approches vont dans ce sens pour mieux 
comprendre et prédire les mécanismes toxiques, le but ultime étant de développer des modèles 
prédisant les réponses cellulaires à des agents environnementaux de façon quantitative et 
qualitative. 
 
Table 2 : Nouvelles méthodes de masse (omiques) utilisées en toxicologie 
 Génomique Protéomique métabonomique pharmacogénomique 
Exemples 
Puces 
ADN 
SAGE 
Puces à Protéines 
Co-immunoprécipitation 
Analyse biochimique MS 
Affinity Tag purification 
Yeast-2-hybrid 
GC-MS 
LC-MS 
Q-TOF 
NMR 
Séquençage ADN 
MS 
 
La génomique est de l’étude des changements dans l’expression des gènes en réponse à une 
substance toxique (Figure 13). La méthode d’analyse la plus répandue est l’emploi des puces 
ADN. L’application la plus habituelle des puces à ADN est la mesure du transcriptome, c’est-
à-dire la mesure du niveau d’expression de l’ensemble des gènes d’un génome. Cela en fait un 
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 outil majeur de la génomique qui vise à étudier les génomes en terme de séquence (et de 
variation de séquence) et de fonctionnement (d’expression) (Baron et al. 2007). 
 
BaP 
 
 
Récepteurs membranaires     composants membranaires 
  
  Récepteurs cytoplasmique  protéines cytoplasmiques 
 
 
Induction ou répression de la transcription de gènes spécifiques 
 
 
 
Augmentation ou diminution de la production de certains gènes 
(Régulation, enzymes, récepteurs) 
 
 
Réponse phénotypique : adaptation ou toxicité 
 
Figure 13 : Réponse de la cellule au stress causé par le BaP 
 
Mesure de l’expression des gènes 
Récemment, certains auteurs se sont intéressés à la mesure de l’expression des gènes suite à 
une exposition au BaP. La plupart des mesures ont été réalisées dans des études in vitro sur 
des lignées cellulaires. Certains chercheurs ont analysé l’effet du BaP sur le transcriptome 
(génome complet) (Hockley et al. 2007; Lu et al. 2009, 2010) alors que d’autres ont évalué 
des gènes spécifiques ayant potentiellement un rôle clé dans la cancérogenèse induite par le 
BaP (Pushparajah et al. 2008; Qin and Meng 2006; Zhao and Ramos 1998).  
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 Le BaP s’est révélé moduler l’expression de nombreux gènes. Il a été montré que le BaP 
modulait l’expression de gènes impliqués dans son propre métabolisme. D’une part, il 
augmente l’expression des CYP (CYP 1A1, CYP 1B1) suite à leur liaison aux récepteurs Ah 
(Castorena-Torres et al. 2008b; Harrigan et al. 2006b; Qin and Meng 2006). D’autre part, via 
l’activation du gène NF-E2-related factor 2 (Nrf2) impliqué dans la protection contre le stress 
oxydatif (Nguyen et al. 2010a; Nguyen et al. 2009), le BaP induit aussi l’expression de 
différents gènes codant pour des enzymes de phase II (Nqo1) (Hockley et al. 2006; Hockley et 
al. 2007). Les études in vitro ont également montré que le BaP régulait l’expression i) de 
gènes impliqués dans le cycle cellulaire et l’apoptose, notamment les gènes p53 et p16 (Park et 
al. 2006; Shackelford et al. 1999), ii) de gènes impliqués dans la réparation (Rad51, Fen1, 
Brca1, Pcna) et iii) de proto-ongènes impliqués dans la régulation de la prolifération et de la 
différenciation cellulaire (Fos, Jun, Myc) (Hockley et al. 2007; Lu et al. 2009, 2010; Qin and 
Meng 2010; van Delft et al. 2010a; Zhao and Ramos 1998).  
 
À ce jour, très peu d’études se sont intéressées à l’analyse de l’expression de gènes dans des 
études in vivo (Bartosiewicz et al. 2001a ; 2001b; Harrigan et al. 2006b; Qin and Meng 2006, 
2010; Wu et al. 2003; Yauk et al. 2010a). Tous ont travaillé chez la souris ou le rat en utilisant 
comme seule méthode d’injection le gavage ou l’injection intrapéritonéale avec de fortes doses 
de BaP (de 1 à 100 mg/kg), l’inhalation ou l’instillation intratrachéale. De plus, beaucoup ont 
analysé l’expression des gènes par puce à ADN, mais très peu se sont intéressés à l’étude d’un 
schéma métabolique en particulier à l’aide d’une technique précise de quantification comme la 
PCR quantitative en temps réel (RTq-PCR)(Qin and Meng 2006, 2010). 
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 L’étude des effets du BaP sur l’expression des gènes permet de mieux comprendre les 
mécanismes de la cancérogénèse reliés à ce contaminant. La plupart des études ont été 
réalisées sur des cultures cellulaires. Cependant, même si les informations fournies 
demeurent essentielles, il est nécessaire d’évaluer l’expression de gènes dans des 
expériences in vivo pour développer des biomarqueurs d’effet et ainsi mieux comprendre 
les mécanismes de la cancérogénicité. 
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2. Originalité et objectifs du projet 
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 2.1. Objectif général 
L’objectif général de cette étude est de mieux documenter l’effet du benzo[a]pyrène sur les 
niveaux de biomarqueurs d’exposition et sur la mesure d’altérations biologiques précoces dont 
la mesure d’adduits à l’ADN et l’expression de gènes ciblés, afin de mieux établir le lien entre 
biomarqueurs d’exposition et altérations biologiques précoces. 
 
2.2. Objectifs spécifiques 
En commencent cette thèse, la question importante était de savoir si une meilleure 
connaissance du continuum exposition-effet cancérogène du BaP pouvait permettre 
d’améliorer les stratégies de prévention du risque cancérogène par le recours à plusieurs 
biomarqueurs. Dans l’optique de répondre à cette question, nous avons; 
 
1-Documenté l’effet de la dose, sur les niveaux de biomarqueurs d’exposition connus (3-
OHBaP) ou à valider (4,5-diolBaP, 7,8-diolBaP, BaP-7,8,9,10-tétrol, BaP-diones), sur les 
niveaux d’adduits à l’ADN et sur l’expression de gènes impliqués dans le métabolisme, la 
réparation, le cycle cellulaire et le stress oxydatif. 
 
2-Évalué le profil cinétique des biomarqueurs en lien avec la modulation temporelle de la 
formation des adduits à l’ADN et de l’expression génique. 
 
3-Documenté l'effet de la voie d’exposition sur la toxicocinétique du BaP et de plusieurs de 
ses métabolites. 
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 2.3. Résultats attendus 
 
Les travaux réalisés dans cette thèse permettront de compléter les connaissances déjà acquises 
sur l’exposition au BaP et les effets qui y sont associés. Les connaissances sont nombreuses, 
mais il reste encore de nombreux mécanismes reliés à la cancérogénicité demeurant 
inexpliqués. L’utilisation des biomarqueurs est essentielle à la caractérisation de l’exposition à 
des substances toxiques et cancérogènes, comme le BaP, pour mieux protéger les travailleurs. 
Jusqu’à présent, seul le 1-OHP est utilisé couramment. De plus en plus de laboratoires 
développent des méthodes extrêment sensibles pour mesurer le 3-OHBaP en milieu 
professionnel et dans la population générale. Cependant ces métabolites du BaP ne sont pas les 
seuls et d’autres métabolites comme les diols s’averaient peut-être être d’excellents 
biomarqueurs. Les avancées scientifiques en biologie moléculaire, en toxicogénomique et en 
bioinformatique sont de véritables révolutions dans le sens où elles permettent de mieux 
appréhender et de mieux caractériser les relations entre l’exposition et les effets. Elles 
permettent également de par de simples mesures d’exposition ou d’effet chez les animaux, de 
déterminer tout changement dans les fonctions biologiques. On passe donc d’une approche 
d’étude en silo, c'est-à-dire cloisonnée à des domaines d’étude particuliers, à une approche 
plus collective permettant d’évaluer un continuum exposition-effets à des substances toxiques.  
 
Une meilleure connaissance du continuum exposition-effet est donc indispensable pour une 
meilleure évaluation des risques toxicologiques. L’étude de la cinétique de biomarqueurs 
d’exposition combinée à la mesure d’altérations biologiques (génomique) assurera une 
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 évaluation plus transversale des étapes clés pouvant mener à l’apparition des effets 
cancérogènes. 
 
L’originalité de ces travaux est triple. L’étude globale du continuum exposition-effet à l’aide 
de la toxicocinétique et de la toxicogénomique devrait permettre i) d’identifier des 
biomarqueurs d’intérêts facilement quantifiables dans les urines des individus qui reflètent au 
mieux la dose interne génotoxique du BaP pour permettre un meilleur suivi biologique, ii) de 
définir des stratégies d’échantillonnage adaptées en fonction des données toxicocinétiques 
obtenues et iii) de mieux relier une mesure de biomarqueurs d’exposition au BaP au risque 
d’effet cancérogène. 
. 
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 CHAPITRE 2: Effect of intravenous Benzo[a]pyrene dose administration on levels of exposure biomarkers, DNA adducts and gene expression 
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 Abstract 
 
The effect of Benzo[a]pyrene (BaP) administration on biomarkers of exposure and early 
effects was studied in rats intravenously injected with doses of 0.4, 4, 10 and 40 μmol 
BaP/kg . Blood, tissues and excreta were collected 8 h and 24 h post-treatment. BaP and 
several of its metabolites, 3- and 7-OHBaP, 4,5- and 7,8-diolBaP, BaPtetrol, 1,6-, 3,6- 
and 7,8-dione-BaP, were simultaneously measured in blood, tissues and excreta by 
UHPLC/Fluorescence. DNA adducts of BaP diol epoxide (BaPDE) in lungs were 
quantified using an ultrasensitive immunoassay with chemiluminescence detection. 
Expression of various genes in lungs of treated rats (lung RNA) compared to control rats 
was also assessed by quantitative real-time polymerase chain reaction. There was a dose-
dependent increase in blood and tissue levels as well as excretion of BaP metabolites. At 
8 h and 24 h post-injection, BaP and hydroxyBaPs were found in higher concentrations in 
blood and tissues compared to the other analytes. However, diolBaPs were excreted in 
greater amounts in urine and apparently more quickly than hydroxyBaPs. Mean 
percentages (± SD) of injected dose excreted in urine as 4,5-diolBaP during the 0-8 h and 
0-24 h period post-treatment were 0.16 ± 0.027% and 0.14 ± 0.083%, respectively. 
Corresponding values for 3-OHBaP were 0.0045 ± 0.0009% and 0.026 ± 0.014%. BaP-
diones were not detectable in blood, tissues and excreta; 7,8-diolBaP and BaPtetrol were 
found to be minor metabolites. There was also a dose-dependent increase in DNA adduct 
formation. Analysis of gene expression further showed a modulation of Cyp1a1, Cyp1b1, 
Nqo1, Nrf2, Fos and Ahr expression at the 10 and 40 μmol/kg doses, but not at the lower 
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 doses. This study provided valuable information on multiple metabolite measurements in 
combination with DNA adducts and alteration of gene expression. 
 
Key Words: Benzo[a]pyrene; Biomarkers; Toxicokinetics; Toxicogenomics; DNA-
adducts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
53 
 
 1. Introduction 
 
Polycyclic aromatic hydrocarbons (PAHs) are a group of ubiquitous contaminants present 
as complex mixtures in the general environment and the workplace (Lesage et al. 1987; 
Pathirana et al. 1994). In Canada, these compounds have been recognized as priority 
substances (White 2002). Benzo[a]pyrene (BaP) is the most studied PAH and has been 
classified as a human carcinogen by the International Agency for Research on Cancer 
(IARC 2010). BaP acts at all three steps of carcinogenesis: initiation, promotion and 
progression (Pitot and Gragan, 1996). Its effects thus range from genotoxic action, 
expressed by direct interaction with DNA, to epigenetic mechanisms, increasing 
proliferation and tumor progression. DNA lesions (formation of DNA adducts or 
oxidative damage) can be induced by BaP metabolites generated in the three known 
metabolic pathways (Fig. 1): i) the BaPDE pathway, ii) the radical cation adduct pathway 
and iii) the quinones pathway. Specifically, cells exposed to BaP can promote, through 
binding to the AhR receptor, the expression of genes coding for enzymes catalyzing 
BaP’s own metabolism (CYP 1A1 and 1B1). This contributes to the formation of reactive 
metabolites of BaP that can bind to DNA and therefore be involved in the initiation of 
cancer (Hockley et al. 2007). BaP and several metabolites also induce or inhibit the 
expression of genes coding for factors involved in DNA repair, cellular cycle, apoptosis, 
communication, hyper- and hypo-methylation, cell proliferation and differentiation 
(Sadikovic and Rodenhiser 2006; Tekpli et al. 2010). 
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 Given the potential carcinogenic effect of PAHs, it is important to monitor carefully 
exposure to these contaminants among workers and the general population. A few 
decades ago, the measurement of urinary 1-hydroxypyrene (1-OHP), a metabolite of 
pyrene, has been proposed for the biomonitoring of PAH exposure. Pyrene is a non-
carcinogen, which led some researchers to question its value as an indicator of exposure 
to carcinogenic PAHs; this prompted the identification and validation of new biomarkers 
of exposure to PAHs. BaP is one of the most studied carcinogenic PAH. The 
identification and measurement of specific urinary BaP metabolites as exposure 
biomarkers has necessitated the development of very sensitive analytical methods. 
Indeed, the high molecular weight of this compound promotes fecal excretion rather than 
urinary excretion. It is only recently that sufficiently sensitive analytical methods were 
developed to measure the mono-hydroxy metabolite 3-hydroxyBenzo[a]pyrene (3-
OHBaP) in the urine of workers (Gendre et al. 2004) but also in the general population 
(Barbeau et al. 2011; Leroyer et al. 2010). Some studies have been conducted in animals 
to evaluate the time courses of specific biomarkers of exposure, 1-OHP and 3-OHBaP, in 
the blood, tissues and excreta after intravenous exposure (Bouchard et al. 1998b; Marie et 
al. 2010a). Other studies have been conducted to evaluate the effect of the route of 
exposure and the dose on the urinary excretion profiles of 3-OHBaP and 1-OHP 
(Bouchard et al. 1998b; Bouchard and Viau 1996b, 1997; Viau et al. 1999). These studies 
showed the complex kinetic behavior of 3-OHBaP and differences with 1-OHP kinetics.  
 
With regard to the biomarkers of exposure other than 1-OHP and 3-OHBaP, data are very 
limited. Only the urinary kinetics of the trans-4,5-dihydrodiolBaP (4,5-diolBaP) and 
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 trans-7,8-dihydrodiolBaP (7,8-diolBaP) were assessed following intravenous (Bouchard 
and Viau 1996b), intraperitoneal (Won Lee 2003) or oral exposure (Ramesh et al. 2001b) 
in rats. For Benzo[a]pyrene-r-7,t-8,t-9,c-10-tetradyrotetrol (BaP-7,8,9,10-tetrol), data are 
very limited but show a potential interest for exposure and risk assessment. Indeed, 78% 
of the BaPtetrol measured in the urine of workers exposed to creosote originated from the 
BaPDE pathway leading to DNA adducts (Hecht et al. 2010). Other metabolites such as 
BaP-diones (1,6-dione-BaP, 3,6-dione-BaP and 7,8-dione-BaP), which belong to the 
quinones pathway, a priori appear as potentially valuable biomarkers of exposure, 
although their kinetics has not yet been documented. These metabolites may induce DNA 
damage, through ROS generation.  
 
Regarding the formation of DNA adducts (BaPDE-N2-dG-3’P and BaPDE-N2-dA-3’P), 
an in vivo study was conducted to document the effect of subchronic dietary exposure to 
BaP in rats (Ramesh and Knuckles 2006). The study showed that, at low doses, DNA 
adduct formation was correlated with BaP exposure. However, at high doses, the 
relationship became non-linear. A more recent study showed the kinetics of formation 
and repair of BaPDE-DNA adducts in blood, liver and lungs after intravenous injection of 
BaP in rats (Marie-Desvergne et al. 2010). This experiment revealed the importance of 
documenting the kinetics of appearance and disappearance of DNA adducts in order to 
link the initiation step of carcinogenesis with subsequent steps, which can be accelerated 
by BaP exposure. 
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 Furthermore, BaP was documented to induce or inhibit the expression of several genes. 
On theone hand, it was found to increase the expression of CYP (CYP1A1, CYP1B1) 
involved in phase I metabolism through binding to the Ah receptor (Castorena-Torres et 
al. 2008a; Harrigan et al. 2006a; Qin and Meng 2006). On the other hand, the 
transcription factor NRF2 coupled to the antioxidant response element (ARE) are known 
to mediate the expression of various genes encoding for phase II metabolism enzymes 
such as NAD(P)H quinone oxidoreductase-1 (Nqo1) involved in protection against 
oxidative stress (Bloom and Jaiswal 2003; Hockley et al. 2006; Hockley et al. 2007; 
Nguyen et al. 2010b). In vitro studies have further shown that BaP regulates the 
expression of genes involved i) in cell cycle and apoptosis, including p53 and p16 (Park 
et al. 2006; Shackelford et al. 1999), and ii) in DNA repair (Rad51, Win1, Brca1, Pcna), 
as well as iii) proto-oncogens involved in the regulation of cell proliferation and cell 
differentiation (Fos, Jun, Myc) (Hockley et al. 2007; Lu et al. 2009, 2010; Qin and Meng 
2010; van Delft et al. 2010b; Zhao and Ramos 1998). To date, very few studies have 
focused on the in vivo analysis of gene expression induced by BaP (Bartosiewicz et al. 
2001b; Harrigan et al. 2006a; Qin and Meng 2006, 2010; Wu et al. 2003; Yauk et al. 
2010b). In the available studies, mice and rats were exposed to high doses of BaP by 
gavage or intraperitoneal injection (1 to 100 mg/kg) or by inhalation or intratracheal 
instillation. Gene expression was assessed mainly by microarray, but very few studies 
have documented a particular metabolic pathway using an accurate technique for 
quantification like quantitative real time "polymerase chain reaction" (RTQ-PCR) (Qin 
and Meng 2006, 2010). 
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 Thus, so far, all studies on BaP have been segmented into a particular field of study: 
exposure biomarkers, DNA adducts or gene expression. The overall objective of this 
work was to study the effect of multiple doses of BaP on levels of various biomarkers of 
exposure and to establish links with early biological alterations such as DNA adducts and 
the expression of targeted genes. 
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2. Materials and methods 
 
2.1. Chemicals 
BaP was purchased from Sigma-Aldrich (Oakville, Ontario, Canada). BaP metabolite 
reference standards (3- and 7-OHBaP, 4,5- and 7,8-diolBaP, BaPtetrol, 1,6-dione-BaP, 
3,6-dione-BaP and 7,8-dione-BaP) were obtained from the National Cancer Institute 
(NCI) Chemical Carcinogen Reference Standards distributed by Midwest Research 
Institute (Kansas, MO, USA). Alkamuls EL-620 (emulphor) was provided by Debro 
Chemicals and Pharmaceuticals (Dorval, Quebec, Canada). β-Glucuronidase/arylsulfatase 
(100000 Fishman U ml-1 and 800000 Roy U ml-1 from Helix pomatia) was obtained 
from Roche Diagnostics (Laval, Quebec, Canada). HPLC-grade methanol, ethyl acetate, 
ascorbic and citric acids, and DMSO were obtained from Fisher Scientific Company 
(Ottawa, Ontario, Canada). All prep DNA/RNA Mini Kits were obtained from Qiagen 
(Toronto, Ontario, Canada). White 96-well immune-plates from Greiner (Longwood, FL) 
were used in the chemiluminescence immunoassay (CIA) for BaPDE-DNA adduct 
measurements. The specific reagents for this assay, including phosphate buffered saline 
with Tween 20 (PBST), streptavidin–alkaline phosphatase, I block (casein), and CDP-
Star with Emerald II, were obtained from Tropix (Bedford, MA). 
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2.2. Animals 
Seventy two male Sprague-Dawley rats (Charles River Canada Inc., St-Constant, Quebec, 
Canada) of 200 to 250 g were used. Lighting was maintained on a 12 h light-dark cycle 
and room temperature was kept at 22 ± 3 °C. Before BaP exposure, rats were kept in 
cages in groups of three. Twelve hours before treatment and throughout the experiment, 
rats were provided with water containing D-Glucose (40 g/l) ad libitum to induce a 
polydipsic behavior with associated aqueous diuresis. Food was removed 2 h prior to 
intravenous injection, and then provided 1 h per day throughout the experiment. 
Following injection, animals were placed in individual metabolic cages. 
 
2.3. Animal treatment 
Rats received a single intravenous dose of 0.4, 4, 10 or 40 µmol BaP/kg and were 
sacrificed at 8 h and 24 h post-treatment (n = 4 per dose/time of sacrifice). Vehicle used 
for injection was a 20% emulphor: 80% isotonic glucose solution. Three milliliters of 
solution containing BaP were injected per kilogram of body weight. Control rats were 
exposed to the vehicle only for gene expression comparison to the exposed group (n = 4 
per group sacrificed at 8 and 24 h post-injection). We selected the highest dose based on 
a previous study on the kinetics of 3-OHBaP metabolite specifically (Marie et al. 2010a) 
and lower ones (two orders of magnitude) to include doses relevant for human exposure. 
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 2.4. Sampling 
Urine and faeces were collected from BaP-treated animals and vehicle-treated controls 
(n = 4 per group) over the entire post-treatment period up to the sacrifice (0-8 or 0-24 h). 
Total urine volumes over these periods were measured, and faeces were weighed. Rats 
from these groups (BaP-treated and vehicle-treated) were euthanized by CO2 anesthesia 
followed by exsanguination by cardiac puncture at t = 8 and 24 h post-dosing. An 
additional group of four rats not exposed to BaP or the vehicle were also euthanized to 
obtain control samples.  
 
Whole blood was collected and several tissues (liver, kidney, perirenal adipose tissues, 
lung, abdominal skin, heart, GI tract and bladder) were removed, rinsed with saline, 
blotted dry and weighed. All samples were kept on ice before storage at -20 °C until 
analysis. Special precautions were taken when handling lungs to prevent RNA 
degradation (RNSase free water was used to wash lungs and rinse the scissors). For each 
rat, a portion of the lung was cut and frozen directly in liquid nitrogen. 
 
2.5. Analysis of BaP metabolites in urine 
Preparation of urine samples for the analysis of BaP metabolites was conducted using a 
method similar to that reported in Marie et al. (2010). Urine samples were thawed and 
well homogenized. One mililiter of each sample was diluted 1:2 (v/v) with a sodium 
acetate buffer (0.1 M, pH 5). Samples were incubated for 1 h with 10 µl of β-
Glucuronidase/arylsulfatase at 37 °C in a shaking bath. Samples were purified by solid 
phase extraction (SPE) using water for washing column and methanol for elution (Sep-
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 Pak C18 cartridges, Waters, Milford, MA, USA). Samples were evaporated under a 
gentle nitrogen flow at 40 °C. Residues were dissolved in 1 ml of 100% methanol for 
analysis of BaP metabolites with a high-performance liquid chromatography system 
(HPLC) coupled to fluorescence and diode array detectors.  
 
A Model 1290 Infinity Agilent system (Mississauga, Ontario, Canada) was used and 
included four modules: a binary pump, an autosampler, a thermostated column 
compartment, a diode array detector and a fluorescence detector. Two C18 columns were 
used to separate BaP metabolites: an Agilent zorbax eclipse plus C18 column 
(2.1 x 150 mm; 1.8 µm i.d.) and an Agilent zorbax eclipse PAH column (2.1 x 100 mm; 
1.8 µm i.d.). The temperature of the column was set at 40 °C. Urine analysis was 
performed using a methanol/water gradient mobile phase also containing citric acid 5 
mM and ascorbic acid 10 mg/l. Ascorbic acid was added to the mobile phase in 
accordance with Bouchard et al. (1994). The flow rate was of 0.3 ml/min, the injection 
volume was 5 µl and samples were kept at 13 °C on the injection tray. Gradient elution 
conditions are described in Table 1 as well as excitation and emission wavelengths for 
fluorescence analysis of BaP and the different metabolites. The quantification was 
performed using an external calibration curve of BaP and each of its metabolites prepared 
in blank rat urine prior to enzymatic hydrolysis and treated and analyzed as previously 
described. Method performance is presented in Table 2. The analytical detection limit of 
the method for BaP, 3-OHBaP, 7-OHBaP, 4,5-diolBaP, 7,8-diolBaP and BaPtetrol, was 
2.1, 1.2, 1.6, 3.2, 0.55 and 1.2 pmol/ml of urinary extract, respectively. 
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 2.6. Analysis of BaP and its metabolites in blood, tissues 
and faeces 
Blood, tissues and faeces were analyzed using a method adapted from Marie et al. 
(2010). A 12.5% (w/v) homogenate of liver and GI tract, a 6.25% (w/v) homogenate of 
kidney, adipose tissues, heart and total faeces voided by a given rat, as well as a 5% (w/v) 
homogenate of lung, were prepared in a sodium acetate buffer (0.1 M, pH 5.0). The 
homogenate of adipose tissues was mixed with a 5% (w/v) homogenate of control liver in 
order to stabilize 3-OHBaP in this tissue. Skin and bladder samples required a special 
homogenization procedure. A circular punch of 5 mm i.d. was performed in skin with a 
cork borer. The skin punch and excised bladder were immediately frozen at −20 °C and 
then in liquid nitrogen; this was followed by grinding in a stainless steel mortar 
previously cooled in liquid nitrogen. From the resulting skin and bladder powder, a 5% 
(w/v) homogenate was prepared.  
 
Aliquots of 4 ml of each tissue homogenate were transferred in Pyrex tubes. For blood, 
samples of 500 μl were buffered with 3.5 ml of sodium acetate buffer (0.1 M, pH 5.0). 
Liver, lung and kidney homogenates were heated at 90 °C in a water bath for 5 min. 
Blood, tissues and fecal homogenates were incubated with 30 μl of β-glucuronidase-
arylsulfatase at 37 °C in a shaking bath, 16 h for liver, GI tract and faeces, 1 h for lung, 
kidney and blood, and 30 min for adipose tissues, heart, bladder and skin. Samples were 
extracted twice with 4 ml of ethyl acetate saturated with water, shaken for 30 min, and 
centrifuged for 30 min at 3000 rpm (25 °C for the GI tract, faeces and liver; 4 °C for the 
other tissues). The organic extracts were combined and evaporated under a gentle 
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 nitrogen stream at 40 °C. The residue was redissolved in 1 ml of methanol and analyzed 
by HPLC/fluorescence/diode array as described previously for urine samples (Table 1). 
For calibration, a standard curve in pure methanol was used. The analytical detection 
limit of the method for BaP, 3-OHBaP, 7-OHBaP, 4,5-diolBaP, 7,8-diolBaP and 
BaPtetrolwas 1.1, 1.2, 0.96, 3.1, 0.64 and 1.6 pmol/ml of methanolic extract, respectively. 
 
Efficiency of the extraction of BaP and its metabolites was determined using untreated rat 
blood, tissue and fecal samples spiked with authentic BaP and its metabolites reference 
standards, incubated with 30 μL of β-glucuronidase-arylsulfatase at 37 °C and processed 
as described above (Table 2).  
 
2.7. Analysis of BaPDE-DNA adducts 
BaPDE-DNA adducts were analyzed using a highly sensitive chemiluminescence 
immunoassay (CIA) developed by Divi et al. (2002). Total DNA was isolated from about 
100 mg of lung tissue by using the Qiagen DNeasy Mini Kit protocol. DNA extracts were 
sonicated for 20 seconds, heat-denatured at 90 °C for 3 min, and cooled immediately on 
ice before CIA. Briefly, 100 pg of sonicated BaPDE–DNA (modified to 1 fmol 
BPdG/100 pg DNA, or HL 60 cells DNA) were coated on microtitration plates in 0.1 ml 
of Reactibind solution from Pierce (Rockford, IL) at room temperature with agitation for 
72 h. Plates were stored at -20 °C until the day of the CIA. The day of the assay, plates 
were washed 8 times with PBST. Nonspecific binding was blocked by incubating the 
wells with 200 µl casein (0.25%) in PBST for 2 h at 37 °C. Equal volumes (50 µl) of 
anti-BaPDE–DNA antibodies and serially diluted BaPDE–DNA standard (0.0625–4 fmol 
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 of BPdG/50 µg /DNA) in well or test samples, in Tris buffer, were mixed and incubated 
at 37 °C for 20 min prior to transferring to the microtiter plate wells. One-hundred µl of 
mixture were incubated for 120 min on the microtiter plate at 37 °C. After washing 
another eight times with PBST, biotinylated anti-rabbit IgG from Jackson 
Immunoresearch Laboratories (West Grove, PA) (100 µl of 1 : 6000 dilution in 0.25% 
casein in PBST) was transferred to wells and incubated for an additional 90 min at room 
temperature. After washing again, streptavidin-alkaline phosphatase (100 µl of 1 : 3000 
in 0.25% casein in PBST) was added and incubated at room temperature for 60 min, 
followed by washing eight times with PBST and twice with the assay buffer (sold with 
CDP-Star + emerald II). Finally, CDP-Star containing Emerald II enhancer (100 µl) was 
transferred to wells, plates were incubated at room temperature for 20 min and at 4 °C 
O/N, and luminescence was read. The lower limit of detection, using 10 µg of DNA per 
well, was ~5 adducts/109 nucleotides. 
 
2.8. Analysis of gene expression 
qRT-PCR was performed to quantify messenger RNA levels of a selection of genes (21 
genes involved in metabolism, oxidative stress, DNA repair, apoptosis) in order to verify 
expression changes after BaP treatment (Table 3).  
 
Total RNA was isolated from less than 100 mg of lung tissue using the Qiagen RNeasy 
Mini Kit protocol. RNA was quantified and integrity was determined using a 2100 
Bioanalyzer (Applied Biosystems, UK). RNA was reverse transcribed into cDNA with 
the High Capacity cDNA reverse transcription kit from Applied Biosystems. Samples 
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 were incubated 10 min at room temperature and then 2 h at 37 °C. Following this 
reaction, samples were kept at -20 °C until quantification. RT-PCR reactions were 
performed using the Taqman Fast qPCR MasterMix from Applied Biosystems. All PCR 
reactions were performed in duplicate. ActB and TBP were used as endogenous controls.  
 
2.9. Data processing and statistical analysis 
 
2.9.1. Gene expression 
Analysis of gene expression requires an endogenous control, which is a gene that does 
not vary between the tested samples. A calibrator is also needed, which is a sample that 
can be compared to the other samples. The Ct (Cycle Threshold) is the value at which the 
curve crosses the PCR threshold. A qPCR has about 40 cycles. The higher the Ct, the 
lower is the mRNA because it requires more PCR cycles to detect the fluorescent 
amplification. If Ct has a small value, the gene is highly expressed. Endogenous controls 
have often smaller Ct than other genes. 
ΔCt = Ct gene – Ct endogenous controls; ΔΔCt = ΔCt sample1 – Δ Ct calibrator;  
ΔCt SD = standard deviation calculated by the software. It reflects the quality of 
triplicates for the gene tested and the endogenous gene in a given sample. To consider the 
SD value valid, it must be below 0.25. If the value of SD is over the relative 
quantification (RQ) value then it is considered unreliable;  
Relative quantification (RQ) = 2-ΔΔCt : Fold change. The calibrator is set to 1 and samples 
are compared with respect to this calibrator. A RQ above 2 or below 0.5 is considered a 
good value. Average values of RQ triplicates were calculated and a t-test was performed. 
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2.9.2. Biomarkers 
Non-parametric statistical tests were performed for biomarker analysis due to the small 
sample size per group. Mann-Whitney test was used to compare biomarker levels 
between treated rats and controls. Kruskal-Wallis test was also carried out to verify 
statistically significant differences between time periods and doses. The differences were 
considered statistically significant at p < 0.05. 
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 3. Results 
 
3.1. Biomarkers 
Table 4 presents the effect of dose on total concentrations of BaP in blood and tissues at 8 
and 24 h post-dosing. In general in blood and all tissues, there was a proportional 
increase in BaP concentrations with dose. At 8 h post-injection, BaP was found mainly in 
lung, skin and adipose tissues and to a lesser extent in liver, GI tract, kidney and heart. 
Levels in the bladder were near the limit of detection of the analytical method. After 24 h 
post-exposure, there was a slight decrease in BaP concentrations in lung and adipose 
tissues compared to 8 h post-treatment. However, significantly lower BaP concentrations 
were found in blood and the other tissues 24 h post-dosing compared to 8 h following 
injection.  
 
Table 5 shows the effect of dose on concentrations of BaP metabolites in blood and 
tissues at 8 and 24 h post-dosing. A dose-dependent increase in tissue concentrations of 
the detectable metabolites was apparent. However, at both 8 and 24 h post-injection, all 
metabolites were either non-detectable (4,5-diolBaP, 7,8-diolBaP, BaPtetrol) or in very 
low concentrations in blood (3-OHBaP and 7-OHBaP). In tissues, 3-OHBaP was the 
most abundant metabolite at both 8 and 24 h post-dosing followed by 7-OHBaP. The GI 
tract and kidney showed the highest concentrations of 3-OHBaP and 7-OHBaP at those 
time points followed by the liver and lung (in the case of 3-OHBaP at 8 h, also the skin). 
4,5-DiolBaP and 7,8-diolBaP were detectable in tissues or in significant concentrations at 
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 8 h and 24 h post-dosing only in the GI tract, and at 8 h in the kidney for 7,8-diolBaP. 
These diolBaP metabolites appear to be rapidly cleared from the body within 8 h post-
dosing. BaPtetrols and BaP-diones were either undetected or in very low concentrations 
in blood and all tissues at the assessed time periods post-dosing and with the analytical 
method used (data not shown). 
 
Table 6 shows the effect of dose on the urinary excretion of BaP, 3-OHBaP, 7-OHBaP, 
4,5-diolBaP, 7,8-diol and BaPtetrol. BaP was not detectable in urine, but in faeces, 
excreted amounts per time period increased proportionally with dose and higher values 
were found during the 0-24 h period as compared to 0-8 h post-dosing. Levels of BaP 
metabolites in urine and faeces over the 0-8 h and 0-24 h period also increased 
proportionally with dose. For a given dose, fecal amounts of metabolites over the 0-24 h 
period followed the order: 3-OHBaP ≈ 7-OHBaP > 4,5-diolBaP > 7,8-
diolBaP > BaPtetrol. For a given dose, urinary amounts of metabolites over the same 
period were in the order: 4,5-diolBaP > 3-OHBaP ≥ 7,8-diolBaP > 7-OHBaP; BaPtetrol 
were either undetected in urine at the different doses or present in very low 
concentrations. The 4,5- and 7,8-diolBaP appeared to be cleared more rapidly from the 
body than 3-OHBaP and 7-OHBaP, as apparent when comparing urinary and fecal 
excretion over the 0-8 h and 0-24 h period post-dosing. Excretion results of these 
metabolites are in accordance with the observed tissue concentration results reported in 
Table 5, where diolBaPs were already undetectable in most tissues except the GI tract 8 h 
post-dosing contrary to OHBaPs. The 1,6-, 3,6- and 7,8-dione-BaP could not be detected 
in urine and faeces with the developed HPLC/fluorescence/DAD method. Table 7 further 
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 presents the molar percentage of BaP dose recovered in urine and faeces as BaP and the 
different metabolites. Overall, it highlights the good dose-excretion relationship for BaP 
and all metabolites, and hence generally similar excretion percentages 0-24 h post-
injection for a given analyte whatever the dose.  
 
3.2. BaPDE-DNA adducts 
A significant effect of dose on BaPDE-DNA adduct formation in lung was also observed 
at 8 and 24 h, as shown in Figure 2. A progressive rise in adduct levels was apparent with 
increasing doses, at both time periods. However, no significant difference between adduct 
levels at 8 and 24 h were observed at lower doses up to the 10 µmol/kg dose (e.g. at the 
10 µmol/kg dose: on average 12.2/109 nucleotides at 8 h and 11.2/109 nucleotides at 24 h) 
whereas at the highest 40 µmol/kg dose, a significant increase in DNA adduct levels was 
observed between 8 and 24 h (on average 33/109 nucleotides at 8 h and 58/109 
nucleotides at 24 h).  
 
3.3. Gene expression 
Of the 21 gene expression analyzed in lung at 8 h and 24 h following injection of the four 
BaP doses, six genes had a modulated expression at 8 h and four genes at time 24 h 
(Table 8). The Ahr gene was the only gene being repressed and this was observed at 8 h 
only at all doses, and not in a dose-dependent manner. The Cyp1a1 and 1b1 were the 
most overexpressed genes at both 8 and 24 h, with a significant dose – gene expression 
effect. The effect of BaP dose on Nqo1 overexpression was observed at 8 h and 24 h post-
dosing, but the dose effect was significant at both times only for the two highest doses 
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 (10 and 40 μmol/kg). For the other genes, Nrf2 was slightly but significantly 
overexpressed only for the highest 40 µmol/kg dose at 8 and 24 h post-dosing (and at the 
10 µmol/kg dose at 8 h) while c-fos was overexpressed at the highest dose at both 8 and 
24 h (and the 10 µmol/kg dose at 24 h post-dosing) but the latter results did not reach 
statistical significance. In control rats injected with the vehicle (no BaP), no significant 
modulation gene expression was observed. 
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4. Discussion 
 
This study is one of the rare studies looking at multiple biomarkers of exposure to BaP in 
blood, tissues and excreta, and highlights the effect of dose on these levels along with 
DNA adduct formation and gene expression. Results of this study indicated for the first 
time dose-dependent increases in BaP exposure biomarkers and DNA adduct formation, 
as well as a modulation of gene expression. Results suggest that there was no saturation 
in the metabolism of BaP into the measured metabolites at the injected doses. Bouchard 
and Viau (1997) also observed a good relationship between administered BaP and the 
urinary excretion of 3-OHBaP, 9-OHBaP and 4,5-diolBaP in male Sprague-Dawley rats 
exposed to a single intravenous, oral and dermal dose of 2, 6, 20 and 60 µmol/kg BaP. 
 
While this has been demonstrated already by Bouchard and viau (1997) and Likhachev et 
al. (1992), this study further confirmed the potential usefulness of 3-OHBaP and 4,5-
diolBaP but also 7,8-diolBaP in urine as biomarkers of exposure to BaP. However, all the 
assessed urinary metabolites were found in very low concentrations, suggesting the need 
for very sensitive analytical method for their detection, as pointed out by Barbeau et al. 
(2011). Our data showed that 4,5-diolBaP was the most abundant metabolite measured in 
urine as observed in Bouchard and Viau (1996) (between 0.14 and 0.47% of the injected 
dose excreted as 4,5-diolBaP, depending on the doses, compared with 0.025 to 0.1% for 
3-OHBaP over the 0-24 h period). In the study of Bouchard and Viau (1997), 0.043 to 
0.061% of administered BaP was recovered in urine as 3-OHBaP, depending on the dose, 
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 as compared to 0.027 to 0.05% for the 4,5-diolBaP. Again in line with current findings, 
Marie et al. (2010a) reported that 0.068% of an injected dose of 40 µmol/kg was excreted 
in urine as 3-OHBaP 0-24 h post-dosing. In the study of Likhachev et al. (1992), 7,8-
diolBaP was found in larger amounts in the urine and faeces than 3-OHBaP over the 0-15 
day period following intraperitoneal administration of 200 mg/kg of BaP. 
 
Furthermore, as apparent from both tissues and excreted levels at 8 and 24-h post-dosing, 
4,5-diolBaP and 7,8-diolBaP were cleared more rapidly than 3-OHBaP. Differences in 
the kinetics of diolBaPs as compared to OHBaPs have also been reported from urinary 
measurements (Bouchard and Viau 1996). This confirms the importance of knowing the 
kinetics of several biomarkers to better assess exposure (Bouchard and Viau 1997). For 
instance, given the more rapid excretion of diolBaPs as compared to OHBaPs, the higher 
the 4,5-diolBaP/3-OHBaP ratio, the more likely BaP exposure may be recent. On the 
other hand, although 7-OHBaP was found in significant concentrations in tissues and 
excreta, it was only detectable at the highest injected dose indicating the need for a more 
sensitive analytical method for its routine detection. BaPtetrol was also found as a very 
minor metabolite in urine but also in blood and tissues. However, in an experiment in rats 
and mice exposed to BaP by inhalation, Wang et al. (2003a) reported BaPtetrol urinary 
concentrations 2-fold higher than 3-OHBaP following onset of inhalation exposure. 
 
The current BaP disposition study also confirmed previous results on the main fecal 
excretion of 3-OHBaP (Marie et al. 2010a; van de Wiel et al. 1993), but highlighted that 
the other metabolites measured in this study were also cleared mainly in faeces. During 
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 the 0-24 h post-dosing, 0.53% of the injected BaP dose was recovered in faeces, which is 
consistent with the 0.35% values reported by Marie et al. (2010) following iv injection of 
the same BaP dose. Uziel and Haglund (1988) also showed that total amounts of BaP 
metabolites in faeces were approximately 3-fold higher than in urine. As in Marie et al. 
(2010), an accumulation of BaP in lung, skin and adipose tissues was observed. This was 
reported by Marie et al. (2010) to result from the lipophilicity of BaP; the high 
concentration of BaP found in the lung was also attributed by these authors and Moir et 
al. (1998) to the fact that it is the first organ to receive blood from the heart. Our study is 
the first to have analyzed the heart and detected the presence of BaP at concentrations 
similar to those found in kidneys and GI tract. Concentrations of BaP in the heart at 8 and 
24 h post-dosing were up to ten fold-higher than in blood. However, metabolite levels in 
this tissue were low, suggesting the poor metabolic capacity of this tissue (Molliere et al. 
1987).  
 
With regard to BaPDE-DNA adduct formation in lung, related to diolBaP pathway (Baird 
et al. 2005; Kim et al. 1998; Xue and Warshawsky 2005), the dose-dependent increase in 
levels suggests a need for a further systematic assessment of the relationship between the 
time course of formation of these adducts and the assessed potential biomarkers of BaP 
exposure. However, similar levels of DNA adducts were observed 8 and 24 h post-dosing 
at the lowest doses up to 10 µmol/kg, whereas a significant increase in adduct levels were 
found between 8 and 24 h at the highest 40 µmol/kg dose. Marie-Desvergne et al. (2010) 
observed the same phenomenon after injecting 40 µmol BaP/kg to rats, but with greater 
formation of DNA adducts. This could be explained by more efficient DNA repair at the 
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 lowest doses, thus limiting the increase in DNA adduct formation. The ability of BaPDE 
to bind to DNA and induce mutations has been shown to be dependent on the 
conformation of adducts (Marie-Desvergne et al. 2010) and the ability of the nucleotide 
excision repair system to repair DNA. Furthermore, exposure of cells to BaP will 
promote, through its binding to AhR receptor, the expression of genes coding for CYP 
1A1 and CYP 1B1 enzymes that catalyze its own metabolism. This will contribute to the 
formation of reactive molecules that can bind to DNA and are involved in the initiation of 
cancer (Hockley et al. 2007). This AhR receptor dimerizes in the presence of a translator 
(tRNA) and activates the transcription of Cyp genes involved in BaP bioactivation 
(Nebert et al. 2004). Loss of this receptor in mice inhibits carcinogenicity (Shimizu et al. 
2000). In our study, a significant inhibition of Ahr gene expression was observed at 8 h 
but not at 24 h.  
 
Apart from the Ahr gene, which was significantly repressed 8 h post-dosing, the other 5 
genes that showed a modulated expression in our study were: Cyp 1a1 and 1b1, Nqo1, 
Nrf2, and Fos. Numerous studies have shown that CYP 1A1 and 1B1 enzymes catalyze 
different stereo specific BaP oxidations (Murray et al. 2001). These oxidations can lead 
to further metabolism through the BaPDE formation pathway or the detoxification 
pathway to several diolBaPs and OHBaPs (such as 7,8-diolBaP, 4,5-diolBaP, 7-OHBaP 
and 3-OHBaP) (Shimada 2006). In our study, a much higher expression of Cyp 1a1 gene 
compared to Cyp 1b1 was found, consistent with the data of Harrigan et al. (2006a). At 8 
h and 24 h following BaP dosing, there was 50 to 180 times more of Cyp 1a1 expression 
than Cyp 1b1, confirming the major role of Cyp 1a1 expression in the induction of BaP 
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 oxidation. At the two lowest doses (0.4 and 4 µmol/kg), Cyp 1a1 and 1b1 expression was 
significantly higher 8 h following injection as compared to 24 h post-dosing; at the 10 
µmol/kg dose, Cyp 1a1 and 1b1 expression was significantly higher 24 h following 
injection as compared to 8 h post-dosing; at the highest 40 µmol/kg dose, no significant 
difference in this gene expression was observed between the 8 and 24 h time points. This 
confirms a dose-dependent increase in BaP oxidation rate in our study. At 8 h post-
exposure, there is a high induction of CYP despite an inhibition of AhR. This can be 
explained by the already available stock of AhR in cells in case of stress (Chung et al. 
2007). It has also been shown in AhR knockout mice models that BaP can be bioactivated 
through a pathway independent of AhR receptor induction (Kondraganti et al. 2003). 
 
Furthermore, although we were not able to measure quinones in the current study, ortho-
quinones formation pathway (7,8-dione-BaP catalyzed by aldo keto reductase) can also 
induce the expression of Cyp 1a1 gene via AhR receptor binding (Burczynski and 
Penning 2000), and increase ROS formation , DNA adducts and DNA strand breaks 
(Park et al. 2009). 
 
One cellular response against oxidative stress is the activation of NRF2 transcription 
factor, which controls the expression of genes that encode for proteins implicated in the 
detoxification and elimination of reactive oxidants and electrophiles (Kaspar et al. 2009). 
The Nrf2 gene was overexpressed only at the highest dose (while no modulation of 
associated Keap gene was observed; this regulation usually occurs at the KEAP 1 protein 
level (Nguyen et al. 2010b; Nguyen et al. 2009)). Activated NRF2 factors is known to 
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 dissociate from its KEAP1 repressor factor allowing its translocation in the nucleus, 
where it will i) heterodimerize with c-FOS and c-JUN factors, ii) bind to ARE in the 
promoter region of antioxidant genes such as Nqo1, and iii) induce their transcription 
(Venugopal and Jaiswal 1996). NRF2 also up-regulates its own expression by binding to 
ARE (Nguyen et al. 2009).  
 
In our study, Nqo1 gene was significantly overexpressed at 8 and 24 h for the two highest 
BaP doses. BaP metabolism, via the radical cation pathway, leads to the formation of 
quinones (1,6-, 3,6- and 6,12-dione-BaP), which can induce the production of ROS 
(Lemaire et al. 1996; Penning et al. 1996). The Nqo1 gene encodes for the detoxification 
enzyme NAD(P)H-quinone oxidoreductase 1 (NQO1), which catalyzes the 
biotransformation of 1,6 - and 3,6-quinones into hydroquinones, a detoxification pathway 
(Yang et al. 2000).  
Furthermore, c-fos gene was also up-regulated in this study at the highest dose, but results 
were not statistically significant. cFOS transcription factor is known to interfere with 
many processes such as NQO1 synthesis, thus contributing to protect the body against 
oxidative stress (Venugopal and Jaiswal 1996). Effect of BaP exposure on Nqo1, Nrf2 
and Fos gene expression need to be further investigated.  
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5. Conclusion 
 
Our study showed a good dose-excretion relationship for 3-OHBaP, 4,5-diolBaP and 7,8-
diolBaP over the range of doses selected, and apparent absence of saturation. 4,5-
DiolBaP in urine was also confirmed to be a potentially valuable biomarker of exposure 
to BaP in addition to 3-OHBaP. The interest of 7,8-diolBaP in urine as a biomarker of 
exposure should be further assessed. In addition, the dose-dependent increases in DNA 
adduct formation and in gene expression of Cyp 1a1 and Cyp1b1 in particular emphasize 
their interest as biomarkers of early effects.  
78 
 
  
6. Funding 
 
This work was supported by the Réseau de recherche en santé environnementale of the 
Fonds de la recherche en santé du Québec (RRSE/FRQS) (Quebec, Canada) and by the 
Chair in Toxicological Risk Assessment and Management of the University of Montreal. 
 
79 
 
  
7. Captions to figures 
 
Fig. 1. BaP metabolism in rats. 
Fig. 2. DNA adduct formation in rat lungs (expressed as BaPDE-dGuo/109 nucleotides) 8 
h and 24 h following intravenous injection of 0.4, 4, 10 and 40 µmol/kg of BaP in male 
Sprague-Dawley rats. Each bar represents mean and vertical bars are standard deviations 
(n =4 per group). 
□ 0-8 h:b compared to a: p < 0.05  
 c compared to b: p < 0.05  
 
■ 0-24 h: b compared to a: p < 0.1  
 c compared to b: p < 0.05 
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 Table 1: Chromatographic conditions and excitation and emission wavelengths 
Metabolites Columna Gradient 
Wavelength 
time change 
(min)  
Excitation 
wavelength 
(nm)  
Emission 
wavelength 
(nm) 
3-OHBaP Eclipse PAH column 
From 0 to 1 min: 60% A     From 
1 min to 2 min: ramp to 100% A 
From 2 min to 6 min: 100% A  
From 6 min to 8 min: back to 
60% A 
0 265 450 
7-OHBaP 0 265 450 
 
7,8-dione-BaP ¯ ¯ ¯ 
 
 
BaPtetrol 
 
 
Eclipse + 
column 
 
 
From 0 to 1 min: 50% A     From 
1 min to 7 min: ramp to 90% A 
From 7 min to 12 min: 90% A      
From 12 min to 14 min: back to 
50% A 
 
 
0 
 
 
249 
 
 
396 
4,5-diolBaP 6 274 390 
7,8-diolBaP 6.75 264 415 
1,6-dione-BaP ¯ ¯ ¯ 
3,6-dione-BaP ¯ ¯ ¯ 
BaP 10 265 420 
aMobile phase flow rate: 0.3 ml/min; Sample injection volume: 5 µl; Column temperature: 40 °C 
A: MeOH and B: H2O 
 
DAD: 254±4 nm, ref 400±10 nm for 1,6 and 3,6-dione-BaP (Eclipse + column) 
DAD: 254±4 nm, ref 400±10 nm for 7,8-dione-BaP (Eclipse PAH column)  
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 Table 2: Recovery of BaP and its metabolites from blank samples spiked with authentic 
reference standards (%) 
Matrix 
Percent recovery of analytes (mean ± SD from 20 replicate analysis)a 
BaP BaPtetrol 7-OHBaP 3-OHBaP 
4,5- 
diolBaP 
7,8- 
diolBaP 
Blood 96 ± 5 89 ± 3 62 ± 9 43 ± 6 94 ± 3 93 ± 5 
Kidney 97 ± 11 87 ± 3 75 ± 7 64 ± 11 92 ± 7 91 ± 4 
Liver 103 ± 10 79 ± 4 87 ± 15 72 ± 6 90 ± 9 88 ± 5 
Lung 101 ± 6 90 ± 3 63 ± 7 51 ± 12 91 ± 8 92 ± 2 
Adipose 
tissues 
99 ± 3 82 ± 4 87 ± 7 70 ± 16 99 ± 5 90 ± 2 
Skin 115 ± 10 92 ± 8 104 ± 23 100 ± 26 96 ± 13 87 ± 12 
Bladder 102 ± 9 90 ± 16 89 ± 23 82 ± 24 96 ± 16 91 ± 16 
Heart 108 ± 10 94 ± 6 88 ± 15 79 ± 15 99 ± 8 95 ± 8 
GI tract 96 ± 22 88 ± 16 66 ± 5 68 ± 7 85 ± 6 79 ± 6 
Urine 106 ± 10 104 ± 6  104 ± 10 106 ± 12 107 ± 10 103 ± 4 
Faeces 98 ± 7 118 ± 45 67 ± 7 82 ± 8 84 ± 10 86 ± 11 
 
Blank samples were spiked with 12.5 and 50 pmol of authentic reference standards (n = 
10 per spiking level). 
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 Table 3: Sequences of primers and probes 
Gene Accession no. Forward primer Reverse primer 
Ahr NM_013149.2 cttcagatgccggctgag cctcccttggaaattcattg 
Akr1c1 NM_001033697.1 ccaccgtgaaacaagatgtg gctgataacgaagggcaatc 
Bax NM_017059.1 gtgagcggctgcttgtct gtgggggtcccgaagtag 
Brca1 NM_012514.1 tcttctgaggagagagtaaatgcac ggcgatctgaaacaattcct 
Cdkn2a (p16) NM_031550.1 cagattcgaactgcgagga tgcagtactaccagagtgtctagga 
Cyp1a1 NM_012540.2 gagcactacaggacatttgagaag agagctggacattggcattc 
Cyp1b1 NM_012940.2 gcagagtctgggcagagg tgtctgcactaaggctggtg 
Ephx1 NM_001034090.1, 
NM_012844.2 
gtccctcgattcctggctat ggccaccgaatttaaacctt 
Ercc1 NM_001106228.1 gctgactgcaccctggtc catacgccttgtaggtttcca 
Fen1 NM_053430.1 agaacgaggagggggagac tgcggatggtacggtagaac 
Fos NM_022197.2 gggacagcctttcctactacc gatctgcgcaaaagtcctgt 
Jun NM_021835.3 gccaccgagaccgtaaag ctgtgcgagctggtatgagt 
Myc NM_012603.2 gctcctcgcgttatttgaag gcatcgtcgtgactgtcg 
Nfe2l2 (Nrf2) NM_031789.1 agcatgatggacttggaattg cctccaaaggatgtcaatcaa 
Nqo1 NM_017000.3 agcgcttgacactacgatcc caatcagggctcttctcacc 
Pcna NM_022381.3 gaactttttcacaaaagccactc gtgtcccatgtcagcaatttt 
Pold4 NM_001013195.1 gaagacacccagtccctcag ctgcagccttgtgatacctg 
Rad51 NM_001109204.1 ggtgtgtgcagaaccgact gcatttgcatagccattactgt 
Tp53 NM_030989.3 gcaactatggcttccacctg gaacagcttattgagggaaattg 
Trex1 NM_001024989.1 gtgaccgctacgactttcct gactgataacgctcagcgaag 
Keap1 NM_057152.1 cagcgtgctcgggagtat ggcagtgtgacaggttgaag 
ActB NM_031144 cccgcgagtacaaccttct cgtcatccatggcgaact 
TBP NM_001004198.1 ccctatcactcctgccaca ggtcaagtttacagccaagattc 
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 Changes in gene expression were calculated using the comparative threshold cycle (Ct) 
method where RT (Relative Quantification) = 2-ΔΔCt. 
ΔCt = Ct test gene – Ct endogenous control and ΔΔCt = ΔCt sample1 – ΔCt calibrator 
gene. 
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Table 4: Mean concentration (nmol/g or nmol/ml) of BaP in blood and tissues 8 h and 24 h post-dosing at four different doses (0.4, 4, 
10 and 40 µmol/kg) following intravenous injection of BaP in male Sprague-Dawley rats 
Matrix 
Doses (µmol/kg) 
Concentration (mean ± SD, nmol/g or ml) 8 h post-dosing Concentration (mean±SD, nmol/g or ml) 24 h post-dosing  
0.4 4 10 40 0.4 4 10 40 
Blood nd 0.01 ± 0.007 0.045 ± 0.02 0.27 ± 0.09 nd 0.004 ± 0.002 0.013 ± 0.005 0.088 ± 0.053 
Kidney 0.005 ± 0.003 0.021 ± 0.004 0.18 ± 0.009 2.21 ± 0.79 0.007 ± 0.004 0.018 ± 0.005 0.072 ± 0.016 0.63 ± 0.36 
Liver 0.012 ± 0.004 0.054 ± 0.014 0.54 ± 0.12 9.37 ± 2.32 0.01 ± 0.004 0.046 ± 0.005 0.27 ± 0.086 2.78 ± 1.38 
Lung 2.20 ± 1.64 20 ± 12.70 172.92 ± 52.34 1403.37 ± 233.71 2.35 ± 0.74 17.86 ± 4.41 165.85 ± 30.24 1158.97 ± 247.94 
Adipose 
tissues 0.20 ± 0.05 1.76 ± 0.98 7.45 ± 0.67 30.58 ± 8.88 0.14 ± 0.01 1.12 ± 0.32 4.61 ± 2.45 14.35 ± 5.78 
Skin 1.64 ± 0.33 8.63 ± 4.61 29.31 ± 6.1 173.56 ± 96.92 1.18 ± 0.84 1.65 ± 0.08 2.95 ± 1.1 6.90 ± 3.98 
Bladder 0.002 ± 0.001 0.003 ± 0.001 0.013 ± 0.007 0.015 ± 0.008 0.003 ± 0.001 0.003 ± 0.001 0.004 ± 0.002 0.054 ± 0.072 
Heart 0.02 ± 0.006 0.026 ± 0.006 0.12 ± 0.020 2.59 ± 2.8 0.008 ± 0.003 0.009 ± 0.002 0.024 ± 0.009 0.25 ± 0.16 
GI 
tract 0.053 ± 0.026 0.55 ± 0.32 1.64 ± 0.64 5.13 ± 2.85 0.007 ± 0.002 0.065 ± 0.021 0.11 ± 0.076 0.74 ± 0.2 
Note : n = 4 per group. nd, non detectable. Levels in controls were below the analytical limit of detection for all metabolites 
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Table 5: Concentrations (pmol/g or pmol/ml) of BaP metabolites in blood and tissues 8 h and 24 h post-dosing at four different doses 
(0.4, 4, 10 and 40 µmol/kg) following intravenous injection of BaP in male Sprague Dawley rats 
aMatrix 
 Doses (µmol/kg) 
 bConcentration (mean, pmol/g or ml) 
 3-OHBaP 7-OHBaP 4,5-diolBaP 7,8-diolBaP 
 0.4 4 10 40 0.4 4 10 40 0.4 4 10 40 0.4 4 10 40 
Blood 8h nd 24 56 234 nd 5 nd 81 nd nd nd nd nd nd nd nd 
 24h 1 6 12 39 nd nd nd 6 nd nd nd nd nd nd nd nd 
Kidney 8h 230 2157 5838 19454 25 306 1047 2630 nd nd 24 51 nd 34 183 604 
 
24h 73 632 1952 7129 nd 74 197 819 nd nd nd nd nd nd 69 211 
Liver 8h 5 94 180 598 9 19 57 182 nd 10 32 53 nd nd nd 13 
 24h 5 19 40 227 nd nd 9 65 nd nd nd 12 nd nd nd nd 
Lung 8h 1 60 133 1038 nd 10 103 738 nd nd nd 31 nd nd nd 73 
 24h nd 20 43 262 nd 8 22 178 nd nd nd 5 nd nd nd 15 
Adipose 
tissues 
8h nd 6 18 73 nd nd 22 22 nd nd nd nd nd nd 11 17 
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aMatrix 
 Doses (µmol/kg) 
 bConcentration (mean, pmol/g or ml) 
 3-OHBaP 7-OHBaP 4,5-diolBaP 7,8-diolBaP 
 0.4 4 10 40 0.4 4 10 40 0.4 4 10 40 0.4 4 10 40 
 24h nd nd 15 35 nd nd 20 nd nd nd nd nd nd nd 11 13 
cSkin 8h nd nd 1294 3290 nd nd nd nd nd nd nd nd nd nd nd nd 
GI tract 8h 139 1193 4347 19310 97 856 3557 14702 81 771 2222 4941 20 68 151 717 
 24h 22 337 1161 10294 nd 201 522 6379 nd 78 182 780 nd 15 25 138 
Note : n = 4 per group. nd, non detectable. Levels in controls were below the analytical limit of detection for all metabolites 
aMetabolites were non detectable in the bladder and the heart at 8 h and 24 h post-dosing. 
bBaPtetrol was non detectable in adipose tissues, skin, heart and bladder and poorly represented in other tissues. 
cMetabolites were non detectable in the skin at 24 h post-dosing. 
 
 
 
 Table 6: Mean excretion (nmol) of BaP and its metabolites in urine and faeces 0-8 h and 
0-24 h post-dosing at four different doses (0.4, 4, 10 and 40 µmol/kg) following 
intravenous injection of BaP in male Sprague-Dawley rats 
 
 
BaP 
metabolites 
Dose 
(µmol/kg) 
Amounts excreted (nmol) 
mean ± SD 
Urine Faeces 
0-8 h 0-24 h 0-8 h 0-24 h 
BaP 0.4 nd nd 0.08 ± 0.07 0.67 ± 0.24 
 4 nd nd 0.16 ± 0.14 6.49 ± 2 
 10 nd nd 1.01 ± 1.83 14.76 ± 4 
 40 nd nd 2.35 ± 2.62 52.32 ± 14.61 
3-OHBaP 0.4 0.026 ± 0.016 0.097 ± 0.057 0.023 ± 0.025 1.68 ± 0.15 
4 0.055 ± 0.039 0.29 ± 0.14 0.017 ± 0.009 18.16 ± 3.71 
10 0.1 ± 0.039 0.63 ± 0.12 0.12 ± 0.22 66.94 ± 21.22 
40 0.45 ± 0.09 2.59 ± 1.46 0.69 ± 1.27 126.82 ± 40.75 
7-OHBaP 0.4 nd nd 0.041 ± 0.081 1.40 ± 0.20 
4 nd nd 0.001 ± 0.001 18.86 ± 7.39 
10 nd nd 0.72 ± 1.43 54.82 ± 22.18 
40 0.62 ± 0.21 1.29 ± 0.74 1.56 ± 3.05 112.54 ± 45.46 
4,5-diolBaP 0.4 0.2 ± 0.04 0.30 ± 0.04 0.10 ± 0.13 0.98 ± 0.19 
4 2.13 ± 1.54 4.55 ± 1.84 0.05 ± 0.02 13.46 ± 4.70 
10 8.18 ± 0.87 5.52 ± 2.66 1.01 ± 1.96 23.37 ± 10.92 
40 16.33 ± 2.9 14.13 ± 7.97 2.4 ± 4.07 65.38 ± 35.39 
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 BaP 
metabolites 
Dose 
(µmol/kg) 
Amounts excreted (nmol) 
mean ± SD 
Urine Faeces 
0-8 h 0-24 h 0-8 h 0-24 h 
7,8-diolBaP 0.4 0.041 ± 0.032 nd 0.14 ± 0.05 0.36 ± 0.16 
4 0.19 ± 0.064 0.15 ± 0.18 0.12 ± 0.054 0.88 ± 0.13 
10 0.52 ± 0.054 0.58 ± 0.26 0.11 ± 0.11 2.7 ± 0.78 
40 2.39 ± 1.51 0.95 ± 0.33 0.37 ± 0.40 7.13 ± 4.19 
BaPtetrol 0.4 nd nd 0.009 ± 0.004 0.043 ± 0.031 
4 nd nd 0.015 ± 0.007 0.058 ± 0.023 
10 nd nd 0.016 ± 0.005 0.18 ± 0.077 
40 nd nd 0.032 ± 0.021 0.059 ± 0.019 
 
Note : n = 4 per group. nd, non detectable. Levels in controls were below the analytical limit 
of detection for all metabolites 
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 Table 7: Mean percentage of the molar BaP dose excreted in urine and faeces as BaP, 3-
OHBaP, 7-OHBaP, 4,5-diolBaP, 7,8-diolBaP and BaPtetrol 0-8 h and 0-24 h post-dosing 
at four different doses (0.4, 4, 10 and 40 µmol/kg) following intravenous injection of BaP 
in male Sprague-Dawley rats 
BaP 
metabolites 
Dose 
(µmol/kg) 
Mean percentage of the BaP dose ± SD 
Urine Faeces 
0-8 h 0-24 h 0-8 h 0-24 h 
BaP 0.4 nd nd 0.078 ± 0.066 0.69 ± 0.24 
 4 nd nd 0.016 ± 0.015 0.68 ± 0.21 
 10 nd nd 0.042 ± 0.077 0.60 ± 0.16 
 40 nd nd 0.024 ± 0.026 0.53 ± 0.16 
3-OHBaP 0.4 0.027 ± 0.017 0.10 ± 0.058 0.024 ± 0.025 1.75 ± 0.16 
4 0.0057 ± 0.0039 0.03 ± 0.014 0.0018 ± 0.0009 1.9 ± 0.4 
10 0.0041 ± 0.0015 0.026 ± 0.0047 0.0048 ± 0.0091 2.72 ± 0.84 
40 0.0045 ± 0.0009 0.026 ± 0.014 0.007 ± 0.013 1.29 ± 0.44 
7-OHBaP 0.4 nd nd 0.042 ± 0.089 1.46 ± 0.23 
4 nd nd 0.0001 ± 0.0001 1.98 ± 0.80 
10 nd nd 0.03 ± 0.06 2.23 ± 0.89 
40 0.0064 ± 0.0033 0.013 ± 0.0071 0.016 ± 0.031 1.15 ± 0.48 
4,5-diolBaP 0.4 0.2 ± 0.043 0.32 ± 0.045 0.10 ± 0.13 1.02 ± 0.2 
4 0.22 ± 0.16 0.48 ± 0.2 0.0053 ± 0.0024 1.42 ± 0.52 
10 0.34 ± 0.04 0.22 ± 0.11 0.04 ± 0.08 0.95 ± 0.44 
40 0.16 ± 0.027 0.14 ± 0.08 0.024 ± 0.041 0.67 ± 0.37 
7,8-diolBaP 0.4 0.042 ± 0.033 nd 0.15 ± 0.05 0.37 ± 0.17 
4 0.02 ± 0.0068 0.016 ± 0.019 0.012 ± 0.0054 0.093 ± 0.015 
10 0.021 ± 0.0019 0.024 ± 0.01 0.0045 ± 0.0048 0.11 ± 0.032 
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 BaP 
metabolites 
Dose 
(µmol/kg) 
Mean percentage of the BaP dose ± SD 
Urine Faeces 
0-8 h 0-24 h 0-8 h 0-24 h 
40 0.024 ± 0.015 0.0096 ± 0.0035 0.0037 ± 0.0040 0.073 ± 0.044 
BaPtetrol 0.4 nd nd 0.0095 ± 0.0043 0.045 ± 0.032 
4 nd nd 0.0016 ± 0.0007 0.0061 ± 0.0025 
10 nd nd 0.0007 ± 0.0002 0.0071 ± 0.0030 
40 nd nd 0.0003 ± 0.0002 0.0006 ± 0.0002 
 
Note : n = 4 per group. nd, non detectable. Levels in controls were below the analytical limit 
of detection for all metabolites 
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Table 8: Gene expression in lungs at 8 h and 24 h post-injection of 0.4, 4, 10 and 40 µmol/kg of BaP in male Sprague-Dawley rats (n 
= 4 per group). 
Genes 
Relative quantification (RQ)c 
8 h post-dosing 24 h post-dosing 
0.4 µmol/kg 4 µmol/kg 10 µmol/kg 40 µmol/kg 0.4 µmol/kg 4 µmol/kg 10 µmol/kg 40 µmol/kg 
Ahr 0.50a 0.37b 0.35b 0.49b 0.75 0.76 0.66 0.67a 
Bax 1.09 1.2 0.82 1.04 1.26 1.19 1.1 1.25 
Brca1 1.14 1.26 1.17 1.24 1.12 1.18 0.96 0.77 
Cdkn2a 
(p16) 
1.26 0.88 0.63 0.63 1.04 1.02 1.35 1.53 
Cyp1a1 268.26a 1051.28b 1281.19b 2829.98b 12.40a 675.04b 2030.35b 3100.74b 
Cyp1b1 2.31 6.95 6.84b 64.55b 1.17 3.67a 17.33b 62.47b 
Ephx1 1.31 1.41 1.2 1.24 0.81 1.2 0.82 0.81 
Ercc1 0.85 0.77 0.79 0.76a 0.88 1.06 0.81 0.91 
Fen1 1.24 1.19 1.05 1.11 0.91 1.05 0.94 0.97 
Fos 1.42 1.38 1.23 1.98 1.21 1 2.23 3.57 
Jun 0.89 0.79 0.83 1.01 0.94 0.98 0.95 1.23 
Myc 1.14 1.14 1.1 1.16 0.9 1.02 0.79 0.85 
Nrf2 1.28 1.32 1.38a 1.92a 0.89 1.07 1.14 1.49b 
Nqo1 2.15 3.84 3.8b 6.29b 0.92 1.65a 2.01a 5.02b 
Pcna 1.28 1.12 1.2 1.28 0.95 1.14 0.93 0.95 
Pold4 1.08 0.85 0.96 0.89 1.03 1.37a 1.07 1.13 
Rad51 1.61 1.66 1.63a 1.61a 1.06 1.21 0.92 0.74 
Tp53 0.79 0.66 0.66 0.72 0.64 0.81 0.79 0.8 
Trex1 1.14 0.92 0.83 0.94 1.16 1.07 0.98 0.93 
Keap1 0.91 0.9 0.83 1 0.74 1.09 0.85 0.98 
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a p < 0.05 and bp < 0.001. 
cAll samples were compared to the calibrator (values in untreated rats), which value is 1. 
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 Abstract 
 
Benzo[a]pyrene (BaP) is a known human carcinogen but the relationship between 
exposure biomarkers and early biological alterations are not fully documented. The 
kinetic time courses of BaP and key biomarkers were assessed in rats intravenously 
injected with 40 µmol/kg BaP along with DNA adduct formation and gene expression. 
BaP and several metabolites were measured in blood, tissues and excreta collected at 
frequent intervals over 72 h post-treatment, using ultra-high performance liquid 
chromatography (UHPLC)/fluorescence. BaPdioepoxide (BaPDE)-DNA adducts in lungs 
were quantified by immunoassay-chemiluminescence; gene expression in lungs was 
assessed by quantitative real-time polymerase-chain reaction (qRT-PCR). 3-HydroxyBaP 
(3-OHBaP) and 4,5-diolBaP were the most abundant measured metabolites and 
differences in the time courses were apparent between the two metabolites. Over the 0-72 
h period, mean percentage of BaP dose recovered in urine as 3-OHBaP and 4,5-diolBaP 
(± SD) were 0.017 ± 0.003% and 0.10 ± 0.03%. Corresponding values in faeces were 1.5 
± 0.5% and 0.42 ± 0.052%. Over the 2-72 h period, BaPDE-DNA adducts were 
significantly increased in lungs and a significant correlation was observed with urinary 3-
OHBaP (r = 0.901, p < 0.001) and 4,5-diolBaP (r = 0.606, p < 0.001). Analysis of gene 
expression showed a modulation of the expression of metabolic genes (Cyp1a1, Cyp1b1, 
Nqo1, Ahr) and oxidative stress and repair genes (Nrf2, Rad51). This study confirms the 
interest of measuring multiple metabolites in combination with DNA adducts and 
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 alteration of gene expression for a more comprehensive assessment of links between BaP 
exposure biomarkers and early effects. 
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 1. Introduction 
 
Benzo[a]pyrene (BaP) is a polycyclic aromatic hydrocarbon (PAH) classified as 
carcinogenic to humans by the International Agency for Research on Cancer (IARC 
2010). PAHs are present as complex mixtures in the general environment and in the 
workplace. However, BaP remains the most studied PAH because of its action at all 
levels of carcinogenesis: initiation, promotion and progression (Pitot 1993). BaP can 
interact directly with DNA and induce genotoxic effects; it can also increase proliferation 
and tumor progression through epigenetic mechanisms (apoptosis, hyper- and hypo-
methylation of DNA, interference with cell-signaling, cell proliferation and cell 
differentiation) (Sadikovic and Rodenhiser 2006; Tekpli et al. 2010). DNA lesions can be 
caused by metabolites involved in the three metabolic pathways of BaP (Fig. S1): i) the 
Benzo[a]pyrene diol epoxide (BaPDE) pathway, ii) the radical cation adduct pathway and 
iii) the quinones pathway. BaPDE formation results from the oxidation of BaP catalyzed 
by CYP 450, leading to the formation of very unstable arene oxides. These oxides may 
undergo hydrolysis by microsomial epoxide hydrolase to form trans-dihydrodiolBaPs 
(Yang et al. 1977). Further oxidation by CYP 450 of the double bond adjacent to the diol 
function can result in the formation of electrophilic BaPDE (in particular in the “Bay 
region” of the molecule), which favors binding to DNA (Koreeda et al. 1978). The 
radical cation adduct pathway involves a peroxidation of the BaP carbon backbone and in 
turn the formation of a radical cation by displacement of an electron from the molecule 
(Cavalieri and Rogan 1995). BaP radical cations are extremely electrophilic and reactive 
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 against DNA (Devanesan et al. 1992). The quinones pathway leads to the formation of 
DNA adducts or reactive oxygen species (ROS) (Shou et al. 1993). 
 
Given the carcinogenic effects of PAHs, it is important to carefully monitor exposure to 
these contaminants. The measurement of urinary 1-hydroxypyrene (1-OHP), a metabolite 
of pyrene, has been proposed to assess such exposure, but pyrene is not carcinogenic to 
humans (IARC 2010; Jongeneelen et al. 1985). There is a need for the identification and 
validation of new biomarkers of exposure to carcinogenic PAHs. This requires also a 
good understanding of the kinetics of the potential biomarkers of exposure to assess their 
sensitivity and the significance of a measurement at a given time point as well as 
establish most appropriate sampling strategies (Bouchard and Viau 1999; Bouchard et al. 
2010). Although BaP metabolism and toxicity has been studied extensively, there is 
currently no validated biomarker of exposure to this compound. This is explained in part 
by the need for very sensitive analytical methods to quantify BaP metabolites in urine, 
given that the high molecular weight of BaP and its metabolites favors their faecal 
excretion mainly (Chipman et al. 1981). In fact, many animal studies have confirmed the 
presence of large amounts of BaP and its metabolites in faeces, with faecal excretions 
ranging from 4 to 20 times the urinary values depending on the route of administration 
(Foth et al. 1988; van de Wiel et al. 1993). It is only recently that sufficiently sensitive 
analytical methods have been developed to explore the potential use of urinary 3-
hydroxyBenzo[a]pyrene (3-OHBaP) for the biomonitoring of exposure to BaP in workers 
(Gendre et al. 2004) but also in the general population (Barbeau et al. 2011; Leroyer et 
al. 2010). As was done for 1-OHP, the kinetic time courses of 3-OHBaP have been 
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 documented in the blood, tissues and excreta of rats intravenously exposed to BaP 
(Bouchard et al. 1998b; Marie et al. 2010a). Other studies have focused on evaluating the 
effect of the route of exposure and the dose on the urinary excretion time courses of 3-
OHBaP, similarly to what was done for 1-OHP (Bouchard et al. 1998b; Bouchard and 
Viau 1996b, 1997; Viau et al. 1999). These studies showed the complex kinetic behavior 
of 3-OHBaP and differences in the kinetic profile between 3-OHBaP and 1-OHP. 3-
OHBaP urinary excretion was documented to be relatively slow compared with that of 1-
OHP; 1-OHP in urine was eliminated mostly during the first 24 h after an intravenous 
injection of pyrene while 3-OHBaP was not completely eliminated after 48 h post-
injection of BaP (Bouchard and Viau 1996b).  
 
Other biomarkers of exposure to BaP have been assessed by some authors. In particular 
the urinary excretion kinetics of 4,5- and 7,8-diolBaP and 9-OHBaP were assessed 
following intravenous (Bouchard and Viau 1996b), intraperitoneal (Won Lee 2003) and 
oral administration of BaP (Ramesh et al. 2001b) in rats. Interestingly, 4,5-diolBaP 
exhibited a rapid elimination like 1-OHP in contrast with 3-OHBaP. There is however a 
paucity of data on the blood and tissues time courses of these metabolites. Ramesh et al. 
(2001) quantified these metabolites in certain tissues such as liver, lungs and reproductive 
tissues in addition to blood, urine and faeces but at a very high dose (100 mg/kg). For 
BaP-7,8,9,10-tetrol, data are very limited but some studies show a potential interest of 
this metabolite based on measurements in the urine of creosote workers (Hecht et al. 
2010). Metabolites from the quinones pathway such as BaP-diones (1,6-dione-BaP, 3,6-
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 dione-BaP and 7,8-dione-BaP) also appear as potential biomarkers of exposure, but their 
kinetics have not yet been documented. 
  
Regarding the formation of DNA adducts, a recent study showed the kinetics of 
formation and repair of BaPDE-DNA adducts in blood, liver and lungs after intravenous 
injection of BaP in rats (Marie-Desvergne et al. 2010). This experiment showed the 
importance of documenting the time-dependent variations in the appearance and 
disappearance of adducts in order to link the initiation step of carcinogenesis with 
subsequent steps, which can be accelerated by BaP exposure. Indeed, Ross et al. (1995) 
showed that there was an association between levels of DNA adducts and induction of 
lung carcinoma. This suggests that the rate of adduct formation determines its 
carcinogenic potency. It is also recognized that if DNA adducts are not repaired quickly, 
they may induce chromosomal aberrations that can contribute to cancer development 
(Wei et al. 1996). 
 
BaP has also been documented to induce or inhibit the expression of many genes. 
However, to date, there is limited data on gene expression profiling of specific metabolic 
pathways using accurate technology for quantification like the “real-time polymerase 
chain reaction" (qRT-PCR). In most cases, gene expression was assessed by microarray 
(Qin and Meng 2006, 2010) and most studies were conducted in vitro. The only available 
in vivo studies on gene expression following BaP exposure have been carry out in mice 
and rats exposed to high doses by gavage or intraperitoneal injection (1 to 100 mg/kg) or 
by inhalation or intratracheal instillation (Bartosiewicz et al. 2001b; Harrigan et al. 
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 2006a; Qin and Meng 2006, 2010; Wu et al. 2003; Yauk et al. 2010b). Nonetheless, these 
studies have shown that, by binding to the AhR receptor, BaP increases the expression of 
Cyp genes (Cyp 1a1, Cyp1b1) involved in phase I metabolism (Castorena-Torres et al. 
2008a; Harrigan et al. 2006a; Qin and Meng 2006). BaP has also been shown to modulate 
the expression of various genes encoding for phase II enzymes (such as Nqo1) via 
activation of genes involved in protection against oxidative stress (including Nrf2) 
(Nguyen et al. 2010b; Nguyen et al. 2009), (Hockley et al. 2006; Hockley et al. 2007). 
BaP has further been reported to regulate the expression of many genes involved in 
multiple pathways like cell cycle and apoptosis (p53, p16) (Park et al. 2006; Shackelford 
et al. 1999), repair (Rad51, Win1, Brca1, Pcna), and regulation of cell proliferation and 
cell differentiation (Fos, Jun, Myc) (Hockley et al. 2007; Lu et al. 2009, 2010; Qin and 
Meng 2010; van Delft et al. 2010b; Zhao and Ramos 1998).  
 
This study aimed to document, within a same experimental framework, the time courses 
of multiple biomarkers of exposure to BaP in relation with DNA adducts and the 
expression of target genes. 
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2. Materials and methods 
 
2.1. Chemicals  
BaP was purchased from Sigma-Aldrich (Oakville, Ontario, Canada). BaP metabolite 
reference standards (3- and 7-OHBaP, 4,5- and 7,8-diolBaP, BaPtetrol, 1,6-, 3,6- and 7,8-
dione-BaP) were obtained from the National Cancer Institute (NCI) Chemical Carcinogen 
Reference Standards distributed by Midwest Research Institute (Kansas, MO, USA). 
Alkamuls EL-620 (emulphor) was provided by Debro Chemicals and Pharmaceuticals 
(Dorval, Quebec, Canada). β-Glucuronidase/arylsulfatase (100000 Fishman U ml-1 and 
800000 Roy U ml-1 from Helix pomatia) was obtained from Roche Diagnostics (Laval, 
Quebec, Canada). HPLC-grade methanol, ethyl acetate, ascorbic and citric acids, and 
DMSO were obtained from Fisher Scientific Company (Ottawa, Ontario, Canada). All 
prep DNA/RNA Mini Kits were obtained from Qiagen (Toronto, Ontario, Canada). 
White 96-well immune-plates from Greiner (Longwood, FL) were used in the 
chemiluminescence immunoassay (CIA) for BaPDE-DNA adduct measurements. The 
specific reagents for this assay, including phosphate buffered saline with Tween 20 
(PBTS), streptavidin–alkaline phosphatase, I block (casein), and CDP-Star with Emerald 
II, were obtained from Tropix (Bedford, MA). 
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 2.2. Animals 
A total of 72 male Sprague-Dawley rats (Charles River Canada Inc., St-Constant, 
Quebec, Canada) of 200 to 250 g were used and maintained under controlled conditions 
(12 h light-dark cycle; room temperature: 22 ± 3 °C). Before BaP exposure, rats were 
kept in cages in groups of three. Twelve hours before treatment and throughout the 
experiment, rats were provided with water containing D-Glucose (40 g/l) ad libitum to 
induce a polydipsic behavior with associated aqueous diuresis. Food was removed 2 h 
prior to injection, and then provided 1 h per day throughout the experiment. Following 
injection, animals were placed in individual metabolic cages. 
 
2.3. Animal treatment 
Rats received a single intravenous dose of 40 µmol BaP/kg and were sacrificed at t = 0, 2, 
4, 8, 16, 24, 33, 48 and 72 h post-treatment (n = 4 per group). Vehicle used for injection 
was a 20% emulphor: 80% isotonic glucose solution. Three milliliters of solution 
containing BaP were injected per kilogram of body weight. Control rats were exposed to 
the vehicle only (n = 4 per group) and sacrificed at the same times for gene expression 
comparison with the exposed group. We selected the highest dose based on previous 
studies (Marie-Desvergnes et al. 2010; Moreau et al. 2013). 
 
2.4. Sampling 
Urine and faeces were collected at t = 0, 2, 4, 8, 16, 24, 33, 48 and 72 h following 
inravenous injection of BaP. Urinary volumes for these time intervals were measured and 
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 faeces were weighed. Rats from these groups were euthanized by CO2 anesthesia 
followed by exsanguination by cardiac puncture at t = 0, 2, 4, 8, 16, 24, 33, 48 and 72 h 
post-dosing. An additional group of four rats not exposed to BaP or the vehicle was also 
euthanized to obtain control samples. 
 
Whole blood was collected and several tissues (liver, kidney, perirenal adipose tissues, 
lung, abdominal skin, heart, GI tract and bladder) were removed, rinsed with saline, 
blotted dry and weighed. All samples were kept on ice before storage at -20 °C until 
analysis. Special precautions were taken when handling lungs to prevent RNA 
degradation (RNSase free water was used to wash lungs and rinse the scissors). For each 
rat, a portion of the lungs was cut and frozen directly in liquid nitrogen. 
 
2.5. Analysis of BaP metabolites in urine 
Preparation of urine samples for the analysis of BaP metabolites was conducted using a 
method similar to that reported in Marie et al. (2010). Urine samples were thawed and 
well homogenized. One mililiter of each sample was then diluted 1:2 (v/v) with a sodium 
acetate buffer (0.1M, pH5). Samples were then incubated for 1 h with 10 µl of β-
glucuronidase/arylsulfatase at 37 °C in a shaking bath. This was followed by an 
extraction of metabolites by solid phase extraction, using water for cleaning and 
methanol for elution (Sep-Pak C18 cartridges, Waters, Milford, MA, USA). Samples 
were then evaporated under a gentle nitrogen flow at 40 °C. Residues were dissolved in 1 
ml of 100% methanol for the analysis of BaP metabolites.  
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An Agilent 1290 Infinity Ultra high performance liquid chromatography system 
(UHPLC) coupled to fluorescence and diode array detectors were used for this purpose 
(Mississauga, Ontario, Canada). It was comprised of five modules: a binary pump, an 
autosampler, a thermostated column compartment, a diode array detector and a 
fluorescence detector. Two columns C18 were used to separate BaP metabolites: an 
Agilent zorbax eclipse plus C18 column (2.1 x 150 mm; 1.8 µm i.d.) and an Agilent 
zorbax eclipse PAH column (2.1 x 100 mm; 1.8 µm i.d.). The temperature of the column 
was set at 40 °C. Urine analysis was performed using a methanol/water gradient mobile 
phase also containing citric acid 5 mM and ascorbic acid 10 mg/l. Ascorbic acid was 
added to the mobile phase in accordance with Bouchard et al. (1994). The flow rate was 
0.3 ml/min, the injection volume was 5 µl and samples were kept at 13 °C on the 
injection tray. Gradient elution conditions are described in Table S1 as well as excitation 
and emission wavelengths for fluorescence analysis of BaP and the different metabolites. 
The quantification was performed using an external calibration curve of BaP and each of 
its metabolites prepared in blank rat urine prior to enzymatic hydrolysis, and treated and 
analyzed as previously described. Method performance is presented in Table S2. The 
analytical limits of detection for BaP, 3-OHBaP, 7-OHBaP, 4,5-diolBaP, 7,8-diolBaP and 
BaPtetrol, were 2.1, 1.2, 1.6, 3.2, 0.55 and 1.2 pmol/ml of urine extract, respectively. 
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 2.6. Analysis of BaP and its metabolites in blood, tissues 
and faeces 
Blood, tissues and faeces were analyzed using a method adapted from previous studies 
(Marie et al. 2010; Moreau et al. 2013). A 12.5% (w/v) homogenate of liver and GI tract, 
a 6.25% (w/v) homogenate of kidney, adipose tissues, heart and total faeces voided by a 
given rat, as well as a 5% (w/v) homogenate of lung, were prepared in a sodium acetate 
buffer (0.1 M, pH 5.0). The homogenate of adipose tissues was mixed with a 5% (w/v) 
homogenate of control liver in order to stabilize 3-OHBaP in this tissue. Skin and bladder 
samples required a special homogenization procedure. A circular punch of 5 mm i.d. was 
performed in skin with a cork borer. The skin punch and excised bladder were 
immediately frozen at -20 °C and then in liquid nitrogen; this was followed by grinding 
in a stainless steel mortar previously cooled in liquid nitrogen. From the resulting skin 
and bladder powder, a 5% (w/v) homogenate was prepared.  
 
Aliquots of 4 ml of each tissue homogenate were transferred in Pyrex tubes. For blood, 
samples of 500 μl were buffered with 3.5 ml of sodium acetate buffer (0.1 M, pH 5.0). 
Liver, lung and kidney homogenates were heated at 90 °C in a water bath for 5 min. 
Blood, tissues and faecal homogenates were incubated with 30 μl of β-glucuronidase-
arylsulfatase at 37 °C in a shaking bath, 16 h for liver, GI tract and faeces, 1 h for lung, 
kidney and blood, and 30 min for adipose tissues, heart, bladder and skin. Samples were 
extracted twice with 4 ml of ethyl acetate saturated with water, shaken for 30 min, and 
centrifuged for 30 min at 3000 rpm (25 °C for the GI tract, faeces and liver; 4 °C for the 
other tissues). The organic extracts were combined and evaporated under a gentle 
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 nitrogen stream at 40 °C. The residue was redissolved in 1 ml of methanol and analyzed 
by HPLC/fluorescence/diode array as described previously for urine samples (Table S1). 
For calibration, a standard curve in pure methanol was used. The analytical detection 
limits of the method for BaP, 3-OHBaP, 7-OHBaP, 4,5-diolBaP, 7,8-diolBaP and 
BaPtetrol, were 1.1, 1.2, 0.96, 3.1, 0.64 and 1.6 pmol/ml of methanolic extract, 
respectively. 
 
Efficiency of the extraction of BaP and its metabolites was determined using untreated rat 
blood, tissue and faecal samples spiked with authentic BaP and its metabolites reference 
standards, incubated with 30 μl of β-glucuronidase-arylsulfatase at 37 °C and processed 
as described above (Table S2).  
 
2.7. Analysis of DNA adducts 
BaPDE DNA adducts were analyzed using a highly sensitive chemiluminescence 
immunoassay (CIA) developed by Divi et al. (2002). Total DNA was isolated from about 
100 mg of lung tissue by using the Qiagen DNeasy Mini Kit protocol. DNA extracts were 
sonicated for 20 seconds, heat-denatured at 90 °C for 3 min, and cooled immediately on 
ice before CIA. Briefly, 100 pg of sonicated BaPDE–DNA (modified to 1 fmol 
BPdG/100 pg DNA, or HL 60 cells DNA) were coated on microtitration plates in 0.1 ml 
of Reactibind solution from Pierce (Rockford, IL) at room temperature with agitation for 
72 h. Plates were stored at -20 °C until the day of the CIA. The day of assay, the plates 
were washed eight times with PBST. Nonspecific binding was blocked by incubating the 
wells with 200 µl of casein (0.25%) in PBST for 2 h at 37 °C. Equal volumes (50 µL) of 
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 anti-BaPDE–DNA antibodies and serially diluted BaPDE–DNA standard (0.0625–4 fmol 
of BPdG/50 µg /DNA) in well or test samples, in Tris buffer, were mixed and incubated 
at 37 °C for 20 min prior to transfer to the microtiter plate wells. One-hundred µl of 
mixture were incubated for 120 min on the microtiter plate at 37 °C. After washing 
another eight times with PBST, biotinylated anti-rabbit IgG from Jackson 
Immunoresearch Laboratories (West Grove, PA) (100 µl of 1 : 6000 dilution in 0.25% 
casein in PBST) was transferred to wells and incubated for an additional 90 min at room 
temperature. After washing again, streptavidin-alkaline phosphatase (100 µl of 1 : 3000 
in 0.25% casein in PBST) was added and incubated at room temperature for 60 min, 
followed by washing eight times with PBST and twice with the assay buffer (sold with 
CDP-Star + emerald II). Finally, CDP-Star containing Emerald II enhancer (100 µl) was 
transferred to wells, plates were incubated at room temperature for 20 min and at 4 °C 
O/N, and luminescence was read. The lower limit of detection, using 10 µg of DNA per 
well, was ~5 adducts/109 nucleotides. 
 
2.8. Analysis of gene expression 
qRT-PCR was performed to quantify messenger RNA levels of a selection of genes (21 
genes involved in metabolism, oxidative stress, DNA repair, apoptosis) in order to verify 
expression changes after BaP treatment (Table S3). Total RNA was isolated from less 
than 100 mg of lung tissue using the Qiagen RNeasy Mini Kit protocol. RNA was 
quantified and integrity was determined using a 2100 Bioanalyzer (Applied Biosystems, 
UK). RNA was reverse transcribed into cDNA with the High Capacity cDNA reverse 
transcription kit from Applied Biosystems. Samples were incubated 10 min at room 
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 temperature and then 2 h at 37 °C. Following this reaction, samples were kept at -20 °C 
until quantification. qRT-PCR reactions were performed using the Taqman Fast qPCR 
MasterMix from Applied Biosystems. All PCR reactions were performed in duplicate. 
ActB and TBP were used as endogenous controls.  
 
2.9. Data processing and Statistical Analysis 
 
2.9.1. Gene expression 
Analysis of gene expression requires an endogenous control, which is a gene that does 
not vary between the tested samples. A calibrator is also needed, which is a sample that 
can be compared to the other samples. The Ct (Cycle Threshold) is the value at which the 
curve crosses the PCR threshold. A qPCR has about 40 cycles. The higher the Ct, the 
lower is the mRNA because it requires more PCR cycles to detect the fluorescent 
amplification. If Ct has a small value, the gene is highly expressed. Endogenous controls 
have often smaller Ct than other genes. 
ΔCt = Ct gene – Ct endogenous controls; ΔΔCt = ΔCt sample1 – Δ Ct calibrator;  
ΔCt SD = standard deviation calculated by the software. It reflects the quality of 
triplicates for the gene tested and the endogenous gene in a given sample. To consider the 
SD value valid, it must be below 0.25. If the value of SD is over the relative 
quantification (RQ) value then it is considered unreliable;  
Relative quantification (RQ) = 2-ΔΔCt : Fold change. The calibrator is set to 1 and samples 
are compared with respect to this calibrator. A RQ above 2 or below 0.5 is considered a 
good value. Average values of RQ triplicates were calculated and a t-test was performed. 
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 2.9.2. Toxicokinetic parameters 
Elimination kinetics of BaP and its metabolites were calculated in blood, tissues and 
excreta. When elimination kinetic appeared monophasic, t1/2 values were calculated for 
the 2-72 h period or until close to the limit of detection. When elimination kinetic 
appeared biphasic, t1/2 values for the initial and terminal phases were calculated (in 
general ≤ 24 h and ≥ 24 h). The coefficient of determination R2 is defined by: 
∑ɏi(yiexp - yitheo)2
∑ɏi(yiexp - yiexp)2
R2 = 1 -
 
 
where “exp” refers to the experimental data points and “theo” is related to model 
prediction of data points at time i. 
 
2.9.3. Biomarkers 
Spearman correlations were conducted to determine associations (correlation coefficient 
rs) between biomarkers of exposure, DNA adduct formation and the various gene 
expression. The differences were considered statistically significant at p < 0.05. 
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3. Results 
 
3.1. Biomarkers of exposure 
The time courses of BaP and its metabolites (3-OHBaP, 7,-OHBaP, 4,5-diolBaP, 7,8-
diolBaP) in blood and tissues over the 72-h period following intravenous injection of 40 
µmol/kg of BaP in rats are shown in Table 1 and 2 and in Figs. 1-4. Over the 2-72 h 
period postdosing, BaP in blood and tissues was found in the following descending order 
of importance: lung > adipose tissues > liver > skin ≥ GI tract > blood > kidney > bladder 
> heart (Table 1 and Fig. 1). Similar time courses of BaP were observed in lung and 
adipose tissues. In these tissues, maximum values were reached 2-h post-dosing and 
elimination of BaP appeared mono-exponential with apparent elimination half-life values 
of 28.9 and 25.7 h, respectively (Table 3). BaP in blood, liver, skin, kidney and heart 
evolved in parallel over the 2-72 h period post-treatment. Two apparent elimination 
phases were observed, with an initial more rapid phase (≤ 24 h period after injection) 
followed by a slower phase (≥ 24 h period following injection). Mean apparent 
elimination half-lives of 4.8, 15.7, 6.0, 12.6 and 8.7 h were calculated for the initial phase 
in blood, liver, skin, kidney and heart, and corresponding values for the terminal phase 
were 15.1, 26.7, 14.7, 33.0 and 18.2 h (Table 3). In the GI tract, BaP levels were similar 
during the 2-16 h period post-dosing and dropped thereafter with a mean apparent 
elimination half-life of 10.1 h. 
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 The time courses of BaP metabolites showed that 3-OHBaP was the most abundant 
metabolite in blood and tissues over the 2-72 h period post-dosing (Table 2). Over that 
time period, highest 3-OHBaP levels were found in the GI tract followed by the kidney; 
other tissues showed lower values in the order: liver ≥ skin > adipose tissues ≈ lung ≈ 
blood > heart (Table 1 and Fig. 2). Similar time courses were observed for 3-OHBaP in 
the GI tract and kidney, with a progressive rise in the first hours post-dosing and an 
observed plateau until 16 h following injection where highest values were found; values 
then decreased linearly with mean apparent elimination half lives of 13.8 and 19.8 h, 
respectively. In lung and adipose tissues, monophasic elimination was observed with 
mean apparent elimination half-lives of 22.4 and 43.3 h, respectively. In blood and the 
other tissues (liver, skin, and heart), the time courses of 3-OHBaP appeared to evolve in 
parallel with a bi-exponential elimination, hence an initial more rapid phase (≤ 24 h 
period after injection) followed by a slower phase (≥ 24 h period following injection).  
 
In descending order of importance over the 2-72 h time period post-dosing, the other 
detectable metabolites were 7-OHBaP, 4,5-diolBaP and 7,8-diolBaP (Table 2, Figs. 3-4). 
The remaining assessed metabolites, BaPtetrol as well as BaP-diones, were either non-
detectable in blood and tissues or in very low concentrations (GI tract and liver for 
BaPtetrol). The time courses of 7-OHBaP in blood and in tissues with detectable levels 
(GI tract, kidney, liver, lung) seemed to follow closely those of 3-OHBaP; however, 7-
OHBaP was generally found in lower concentrations than 3-OHBaP in blood and all 
tissues with the exception of the GI tract (Table 2 and Fig. 3). In the GI tract, 7-OHBaP 
was found in concentrations similar to those of 3-OHBaP at all time points; the mean 
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 elimination half-life calculated for the terminal elimination phase was thus in the same 
value range as that of 3-OHBaP (13.8 and 12.6 h, respectively) (Table 3). The atypical 
kinetic profile observed with 3-OHBaP in the kidney was also observed for 7-OHBaP 
and again similar mean elimination half lives were calculated over the 24 to 72 h period 
post-dosing (22.4 and 19.8 h, respectively). In liver and lungs, as was observed for 3-
OHBaP, a biphasic elimination of 7-OHBaP was observed in liver and a monophasic 
elimination in lung with half-lives in the range of those observed for 3-OHBaP. On the 
other hand, 7-OHBaP was non detectable in adipose tissues, skin and bladder; in the 
heart, it was detectable only at 2-h post-dosing.  
 
Measurements of 4,5-diolBaP and 7,8-diolBaP in blood and tissues over the 2-72 h 
period post-dosing showed that these metabolites were eliminated more rapidly than 3-
OHBaP and 7-OHBaP. Highest levels over that time period were found in the GI tract 
followed by the liver and then the kidney (Table 2 and Fig. 4). The time course of 4,5-
diolBaP and 7,8-diolBaP in the GI tract showed a rather mono-exponential elimination, 
with an elimination half-life of 9.5 and 13.8 h, respectively, while 3-OHBaP showed a 
progressive increase in values over the 0-16 h period post-dosing with decreasing values 
thereafter. In the other tissues with detectable diolBaP levels with time, i.e. liver and 
kidney, peak levels were observed at 2 h followed by a progressive decrease. Therefore, 
there was no delay in the renal excretion of 4,5-diolBaP and 7,8-diolBaP unlike 3-
OHBaP and 7-OHBaP.  
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 Figures 5 and 6 show the time courses of BaP and its metabolites in urine and faeces over 
the 72-h period following intravenous injection of 40 µmol/kg of BaP in rats. The most 
abundant urinary metabolite was found to be 4,5-diolBaP followed by 3-OHBaP. Over 
the 0-72 h period, mean percentage of BaP dose recovered in urine as 4,5-diolBaP, 3-
OHBaP, 7-OHBaP and 7,8-diolBaP (±SD) were 0.10 ± 0.03%, 0.017 ± 0.003%, 0.012 ± 
0.003% and 0.0067 ± 0.0004%. Corresponding values in faeces were 0.42 ± 0.052%, 1.5 
± 0.5%, 1.6 ± 0.6%, 0.034 ± 0.003%, showing that 3-OHBaP and 7-OHBaP were the 
main faecal metabolites. BaPtetrol was also measurable in faeces with a mean percentage 
(±SD) of 0.0014 ± 0.5%. BaP was not detectable in urine but mean cumulative faecal 
excretion (±SD) over the 0-72 h period expressed as a percentage of injected dose 
amounted to 0.31±0.08%. On the other hand, BaP-diones were not detected in urine and 
faeces with the developed method.  
 
Differences in the urinary excretion time courses were also apparent between diolBaPs 
(4,5-diolBaP and 7,8-diolBaP) and OHBaPs (3-OHBaP and 7-OHBaP). Urinary 
elimination of diolBaPs was more rapid than that of OHBaPs. In urine, peak excretion 
rate values were observed 2 h post-dosing for dioBaPs, and elimination appeared 
monophasic and was almost complete within 24 h post-dosing. The elimination half-lives 
of 4,5-diolBaP and 7,8-diolBaP over the 2 to 24 h period post-dosing were 8 and 7.8 h, 
respectively. On the other hand, maximum excretion rate of OHBaPs was observed 16- to 
24-h post-dosing and mean apparent elimination half-lives of 3-OHBaP and 7-OHBaP in 
urine over the 24- to 72-h period post-dosing were 36.5 and 34.7 h, respectively. As for 
the faecal time courses, the same time trend was observed between BaP and all the 
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 assessed metabolites. Mean apparent elimination half-lives of BaP, 3-OHBaP, 7-OHBaP, 
4,5-diolBaP and 7,8-diolBaP calculated over the 24- to 72-h period post-dosing were 
23.9, 53.3, 36.5, 27.7 and 21.7 h, respectively.  
 
3.2. BaPDE adducts 
The time course of BaPDE adducts in lung is shown in Fig. 7. Levels of BaPDE-DNA 
adducts were significantly higher in treated rats than in controls at all time points. Adduct 
formation increased rapidly during the 24-h period following BaP treatment. From 24- to 
72-h post-dosing, values remained stable (21/109 nucleotides at 24 h and 17.5-32/109 
nucleotides up to 72 h post-injection). 3-OHBaP and 7-OHBaP in urine were well 
correlated with BaPDE DNA adducts (rs = 0.901 and 0.871, respectively; p < 0.01) while 
a poorer correlation was observed with 4,5-diolBaP and 7,8-diolBaP in urine (rs = 0.606 
and 0.646, respectively; p < 0.01).  
 
3.3. Gene expression 
Table 4 presents the time courses of 21 gene expression in the lungs of rats over the 72-h 
period following injection of BaP. Of the 21 genes analyzed, 8 showed a time-dependent 
modulation of gene expression. Exposure to BaP resulted in an initial repression of Ahr 
gene expression followed by a return to normal expression at 16 h post-dosing and later 
time points. The Rad51 and Brca1 genes were overexpressed significantly in the first 8 h 
post-injection and were then non-significantly repressed after 24 h post-injection. The 
Cyp1a1, Cyp1b1, Nqo1 and Nrf2 genes were significantly overexpressed over the 2-72 h 
period post-dosing. Cyp 1a1 and 1b1 were the most overexpressed genes; their 
128 
 
 expression remained fairly constant up to 33 h after injection and decreased thereafter. 
For Nqo1 gene, the same temporal modulation of expression was observed but to a 
smaller extent. For Nrf2 gene, overexpression was most prominent at earlier time points 
and showed a progressive decrease with time, with values returning to normal at 48 h 
post-dosing. In control rats injected with the vehicle (no BaP), no gene expression was 
observed at each time points. 
 
Correlations between BaP metabolites in urine, BaPDE-DNA adducts and the modulated 
genes were also assessed. The BaPDE-adduct levels were negatively correlated with 
Rad51 expression (rs = -0.605; p < 0.05) while BaPDE-adducts did not exhibit any 
significant correlation with the other genes. The urinary excretion of 7-OHBaP was 
negatively correlated with Rad51 expression (rs = -0.647; p < 0.05) while there was no 
significant correlation between urinary excretion of OHBaPs and diolBaPs and the 
expression of other genes.  
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4. Discussion 
 
This study allowed to better document the exposure-effect continuum of BaP and 
provided novel data on the kinetic time course of multiple biomarkers of exposure and 
associations with DNA adduct formation and gene expression. It confirmed the 
usefulness of 3-OHBaP as a biomarker of exposure to BaP, in line with results of prior 
kinetic studies in rats (Bouchard and Viau 1996b, 1997). It also highlighted that 
concomitant measurements of other metabolites may serve to better assess the extent of 
exposure, in particular 4,5-diolBaP but maybe also 7-OHBaP and 7,8-diolBaP although 
much less abundant in urine. The diolBaPs have been suggested in earlier urinary time 
course studies in rats as potentially interesting biomarkers of exposure as a complement 
to 3-OHBaP measurements (Likhachev et al. 1992). Recently, we have shown a good 
dose-dependent relationship between the detectable BaP exposure biomarkers (3-OHBaP, 
7-OHBaP, 4,5-diolBaP and 7,8-diolBaP), DNA adduct formation and gene expression 
(Moreau et al. 2013b).  
 
Both the latter studies and the current one confirm that among the different biomarkers of 
exposure assessed, 4,5-diolBaP and 3-OHBaP were the most abundant urinary 
metabolites. The 4,5-diolBaP metabolite was even more abundant in rat urine than 3-
OHBaP (on average 0.10% of the dose compared with 0.017% for 3-OHBaP over the 0-
72 h period post-injection). Similarly, Bouchard and Viau (1996b) found that 4,5-diolBaP 
in rat urine represented 0.14-0.47% of the injected dose as compared with 0.025- 0.1% 
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 for urinary 3-OHBaP (Bouchard and Viau 1996b). Likhachez et al. (1992) also showed 
that there was 2-fold more urinary 7,8-diolBaP than 3-OHBaP levels over the 0-15 day 
period following intraperitoneal administration of 200 mg/kg of BaP in rats.  
 
The detailed blood, tissue and excretion time course data obtained in the current study 
also evidenced that OHBaP metabolites were eliminated more slowly than diolBaPs, 
resulting in marked differences in the urinary excretion time courses of these metabolites. 
This is reflected by much higher urinary excretion values for diolBaPs than OHBaPs at 
early time points post-exposure (< 8 h post-dosing) with rapidly decreasing values 
thereafter while OHBaPs showed an atypical urinary excretion pattern compatible with 
prior results indicating a renal retention of the latter molecules (Bouchard and Viau 1997; 
Heredia-Ortiz and Bouchard 2013; Heredia-Ortiz et al. 2011). The differences in the 
urinary excretion profiles of diolBaPs and OHBaPs is reflected by differences in the 
blood and tissues time courses between these metabolites, with a rapid blood and tissue 
elimination of the diolBaPs and the absence of renal retention contrary to OHBaPs. The 
lack of retention of diolBaPs as compared to OHBaPs may partly be explained by 
different states of conjugation of the metabolites, which was documented to have an 
impact on the elimination rates and potential reabsorption (Schanzer et al. 1991). 
Looking at multiple biomarkers of exposure and their ratios could provide more valuable 
information on exposure than single biomarker measurements (Bouchard and Viau 1997).  
 
Although urinary 4,5-diolBaP in combination with 3-OHBaP may be the most sensitive 
biomarkers of exposure, 7,8-diolBaP and 7-OHBaP could also be of interest provided 
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 more sensitive and optimized analytical methods are developed for biomonitoring in 
exposed individuals, as was done for the analysis of 3-OHBaP in human urine(Barbeau D 
2009). BaPtetrol, as measured in our study and in Moreau et al. (2013), was not identified 
as a sensitive exposure biomarker, unlike in other studies (Wang et al. 2003a; Wang et al. 
2003b), which may be due to the analytical processing (such as concentration of samples 
and insufficient purification steps). The difficulty to assess metabolites of BaP in urine is 
explained by the large number of metabolism routes of BaP (see Figure S1) and by the 
mostly faecal excretion of these molecules. This is evident from the GI tract and faecal 
time course curves of OHBaPs (3-OHBaP and 7-OHBaP) and diolBaPs (4,5-diolBaP and 
7,8-diolBaP) in our study as well as the specific 3-OHBaP excretion time courses in 
previous studies (Heredia-Ortiz and Bouchard 2013; Heredia-Ortiz et al. 2011; Marie et 
al. 2010a). However, in the study of Marie et al. (2010), the percentage of BaP dose 
recovered as 3-OHBaP in faeces of treated rats reached 12.9% while values were almost 
10 times lower in the present study and in Moreau et al. (2013). This difference can be 
explained by the fact that the analytical method used in the present study was more 
accurate and allowed separation of 3- and 7-OHBaP. It is also possible that our injection 
method (in the jugular vein) leads to a subcutaneous loss of BaP.  
 
The major faecal excretion of BaP and its metabolites was also documented in Wistar rats 
intravenously injected with labelled BaP (recovery of > 50% of radioactivity in faeces as 
compared to 6% in urine) (Moir et al. 1998). However, entero-hepatic recycling seems to 
have an impact on the kinetics of distribution and elimination of BaP metabolites (van 
Schooten et al. 1997). When OHBaPs are excreted via the bile, they undergo entero-
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 hepatic recirculation, as evidenced by the modeling of the time courses of 3-OHBaP in 
the GI tract and liver (Chipman et al. 1981; Heredia-Ortiz et al. 2011). The conjugate of 
4,5-diolBaP has also been reported to undergo extensive entero-hepatic circulation 
(Elmhirst et al. 1985).  
 
Interestingly, while the current study provided novel data on the time course of new 
biomarkers of exposure, it confirmed prior kinetic data specific to BaP and 3-OHBaP in 
blood and tissues (Marie et al. 2010a), and the biological determinants of the kinetics as 
indicated from the toxicokinetic modeling of BaP and 3-OHBaP (Heredia-Ortiz and 
Bouchard 2013; Heredia-Ortiz et al. 2011). However, in the current study, the heart was 
also assessed contrary to previous study of Marie et al. (2010) and it showed the presence 
of significant amounts of BaP (but not of its metabolites) at early time points post-
exposure. This is compatible with the fact that the heart is the first organ to receive BaP 
injected in venous blood of rats (Roth and Vinegar 1990).  
 
Furthermore, as observed previously, BaP was highly retained in the lungs, which 
contributes to explain the high levels of BaPDE-DNA adducts observed in this tissue in 
the current study and in previous studies (Molliere et al. 1987). We have not measured 
adducts in other tissues, but some researchers have shown that the amounts of adducts 
formed in the lungs is higher than in other tissues such as the liver, stomach or skin 
(Godschalk et al. 2000; Ramesh and Knuckles 2000). Our results also showed that the 
different detectable urinary biomarkers of exposure (3-OHBaP, 7-OHBaP, 4,5-diolBaP, 
7,8-diolBaP) were all correlated with BaPDE-DNA adduct formation, but highest 
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 correlations were found with OHBaPs rather than diolBaPs. While some authors 
suggested the measurement of BaPDE-DNA adducts in peripheral blood lymphocytes as 
a surrogate for the estimation of lung DNA adducts (Qu and Stacey 1996; Ross et al. 
1990), the results of the present study suggest that the urinary levels of biomarkers of 
exposure could also give a good indication of the extent of DNA adduct formation. Our 
results are consistent with those of Marie et al. (2010) where a high correlation was found 
between urinary 3-OHBaP and lung BaPDE-DNA adducts (r = 0.936; p < 0.001). 
Furthermore, the observed time course of BaPDE-DNA adduct formation indicated a 
progressive increase in values during the first 16 h post-dosing with levels remaining 
stable thereafter, which is compatible with a slow rate of DNA repair compared to the 
rate of formation of adducts (Godschalk et al. 2000).  
 
The expression of 21 genes was analyzed in parallel in the BaP exposed rats, and the 
genes that showed a time-dependent modulation were mostly the same as those observed 
in a previous study on BaP dose-response (Cyp 1a1, Cyp1b1, Ahr, Nqo1, Nrf2, Fos) 
(Moreau et al. 2013). However, two additional genes were modulated in the current 
study, Brca1 and Rad 51. Nonetheless, the most significantly overexpressed genes were 
identical to those observed in Moreau et al. (2013), that is Cyp1a1 and 1b1 genes, which 
are known to metabolize BaP. As documented in earlier studies (Harrigan et al. 2006; 
Moreau et al. 2013), Cyp1a1 was also more expressed than Cyp 1b1 (10- to 30-fold more 
in the current study), but followed the same time-dependent variations in expression. The 
CYP1A1 enzymes have been documented to have a role in BaP detoxification while 
CYP1B1 proteins appear to be implicated in BaP activation to reactive metabolites (Uno 
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 et al. 2004; Uno et al. 2006). However, Kim et al. (1998) and Uppstad et al. (2010) 
showed that both CYP1A1 and 1B1 catalyzed the formation of 7,8-diolBaP, which leads 
to BaPDE formation. Although we were not able to measure quinones in this study, it is 
known that ortho-quinones (which formation is catalyzed by aldo keto reductases) can 
induce the expression of Cyp 1a1 gene by binding to the AhR receptor (Burczynski and 
Penning 2000; Park et al. 2009). The numerous studies on AhR receptor confirm its 
major role in BaP carcinogenesis and it was reported in mice that loss of this receptor 
inhibited carcinogenicity (Shimizu et al. 2000). Our Ahr gene results are in agreement 
with prior results (Moreau et al. 2013) and showed a repression of Ahr genes at early 
times post-dosing (≤ 8 h). Mechanisms of bioactivation and metabolism of BaP via the 
AhR are complex. The high expression of Cyp despite the AhR inhibition in the first few 
hours post-exposure to BaP can be explained by the existence of an independent 
bioactivation of the AhR. This hypothesis was supported by several studies in AhR(-/ -) 
mice (Kondraganti et al. 2003; Delescluse et al. 2000). The significant sexpression of 
CYP at early times post-exposure despite an inhibition of AhR is compatible with the 
large levels of AhR proteins already present in the cytoplasm. This enables cells to 
respond to BaP more rapidly and more efficiently (Chung et al. 2007). Genes involved in 
DNA repair, Rad51 and Brca1, were also overexpressed at these time points. These two 
genes code for proteins implicated in the nucleotide excision repair system (NER) 
(Hartman and Ford 2002). RAD51 and BRCA1 proteins can also repair DNA double-
strand breaks by homologous recombination (Scully et al. 1997). Although these gene 
expressions (Cyp1a1, Cyp1b1, Ahr, Rad51, Brca1) are involved either in the formation of 
reactive metabolites, detoxification and DNA adduct formation and repair, we did not 
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 observe any direct correlation between these expressions and the time-dependent 
variations in BaPDE-adduct formation, except for a negative correlation with Rad51 
expression. 
 
The expression of two genes coding for proteins involved in defense against oxidative 
stress were also increased in our study, Nqo1 and Nrf2 genes. This modulation is 
compatible with the dose-effect results in our previous study (Moreau et al. 2013). The 
Nqo1 gene codes for NAD(P)H-quinone oxidoreductase 1 detoxification enzyme known 
to reduce 1,6- and 3,6-dione-BaP to hydroquinones but also to maintain antioxydants in 
the reduced form, hence protecting against oxidative stress (Lemaire et al. 1996; 
Vondracek et al. 2009). The expression of Nqo1 gene is regulated by AhR receptor 
activation but also the transcription factor NRF2 (Venugopal and Jaiswal 1996) (Nguyen 
et al. 2009). Published studies indicate that NRF2 factor is an important activator of 
antioxidant and detoxification genes (Bloom and Jaiswal 2003).  
 
5. Conclusion 
 
The study thus confirmed the use of multiple urinary biomarker measurements, in 
particular 3-OHBaP and 4,5-diolBaP with sensitive analytical methods. The observed 
differences in the kinetics of the diolBaPs and OHBaPs emphasize the importance of 
knowing the time courses of the biomarkers of interest for a proper interpretation of 
results. The ratio of these metabolites could provide valuable information on the time of 
exposure. Furthermore, urinary BaP metabolites were related to lung DNA adducts, 
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 suggesting exposure biomarker levels could be used to infer on potential early genotoxic 
effects. The time-dependent variation in the expression of 8 of the 21 genes analyzed (in 
particular Cyp1a1, 1b1 and Nqo1) shows their interest as biomarkers of effects, but 
associations with BaPDE-DNA adduct formation was apparent in our study only for 
Rad1 gene expression.  
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7. Captions to figures 
 
Fig. 1. Time courses of BaP in blood and tissues (expressed as a percentage of 
administered dose) following intravenous injection of 40 μmol/kg of BaP in male 
Sprague-Dawley rats. Each point represents mean and vertical bars are standard 
deviations (n =4). ■, Lung; ♦, adipose tissues; ▲, liver; ●, skin; ×, GI tract; ○, blood; ∆, 
kidney; , heart. 
 
Fig. 2. Time courses of 3-OHBaP in blood and tissues (expressed as a percentage of 
administered dose) following intravenous injection of 40 μmol/kg of BaP in male 
Sprague-Dawley rats. Each point represents mean and vertical bars are standard 
deviations (n =4). ■, Lung; ♦, adipose tissues; ▲, liver; ●, skin; ×, GI tract; ○, blood; ∆, 
kidney; , heart. 
 
Fig. 3. Time courses of 7-OHBaP in blood and tissues (expressed as a percentage of 
administered dose) following intravenous injection of 40 μmol/kg of BaP in male 
Sprague-Dawley rats. Each point represents mean and vertical bars are standard 
deviations (n =4). ■, Lung; ♦, adipose tissues; ▲, liver; ●, skin; ×, GI tract; ○, blood; ∆, 
kidney; , heart. 
 
Fig. 4. Time courses of 4,5- and 7,8-diolBaP in blood and tissues (expressed as a 
percentage of administered dose) following intravenous injection of 40 μmol/kg of BaP 
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 in male Sprague-Dawley rats. Each point represents mean and vertical bars are standard 
deviations (n =4). ▲, 4,5-diolBaP in liver; ∆, 7,8-diolBaP in liver; ●, 4,5-diolBaP in GI 
tract; ○, 7,8-diolBaP in GI tract; ■, 4,5-diolBaP in kidney; , 7,8-diolBaP in kidney; ×, 
7,8-diolBaP in lung. 4,5-diolBaP in lung was detectable only at 2-h post-dosing. 
 
Fig. 5. Time courses of BaP metabolites in urine (expressed as a rate of excretion) 
following intravenous injection of 40 μmol/kg of BaP in male Sprague-Dawley rats. Each 
point represents mean and vertical bars are standard deviations (n =4). ■, 7-OHBaP; ●, 3-
OHBaP; ▲, 4,5-diolBaP; ×, 7,8-diolBaP. 
 
Fig. 6. Time courses of BaP and its metabolites in faeces (expressed as a rate of 
excretion) following intravenous injection of 40 μmol/kg of BaP in male Sprague-Dawley 
rats. Each point represents mean and vertical bars are standard deviations (n =4). ■, 7-
OHBaP; ●, 3-OHBaP; ▲, 4,5-diolBaP; ×, 7,8-diolBaP; ○, BaP. 
 
Fig. 7. Time course of DNA adduct formation in lungs (expressed as BaPDE-dGuo/109 
nucleotides) following intravenous injection of 40 μmol/kg of BaP in male Sprague-
Dawley rats. Each point represents mean and vertical bars are standard deviations (n =4). 
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Table 1: Mean percentage of the molar BaP dose recovered in blood and tissues as BaP and 3-OHBaP at different sampling times (2, 4, 8, 16, 
24, 33, 48, 72 h post-dosing) following intravenous injection of 40 µmol/kg of BaP in male Sprague-Dawley rats 
Matrix 
 
Mean percentage of the BaP dosea  
BaP                                                    Time after injection 
(h) 
3-OHBaP                                                 Time after 
injection (h) 
2 4 8 16 24 33 48 72 2 4 8 16 24 33 48 72 
Blood 0.088 0.076 0.038 0.042 0.025 0.0081 0.0041 0.0030 0.017 0.012 0.0088 0.0087 0.0025 0.0017 0.0014 0.0006 
Kidney 0.045 0.035 0.022 0.028 0.011 0.005 0.0041 0.0032 0.046 0.098 0.13 0.15 0.11 0.054 0.058 0.016 
Liver 1.10 0.63 0.72 0.77 0.46 0.29 0.2 0.14 0.11 0.057 0.018 0.016 0.013 0.0069 0.004 0.0024 
Lung 16.47 17.97 11.07 12.48 9.75 2.73 4.73 3.58 0.012 0.012 0.0062 0.009 0.004 0.0016 0.0024 0.0016 
Adipose tissues 1.5 0.64 1.42 1.64 1.035 0.44 0.46 0.18 0.0021 0.0054 0.0022 0.0034 0.0034 0.0035 0.0027 0.0019 
Skin 1.21 0.42 0.46 0.16 0.069 0.15 0.027 nd 0.038 0.03 0.022 0.021 0.011 nd nd nd 
Bladder 0.036 0.0028 0.0003 0.0001 0.0028 0.0003 nd nd 0.0056 0.0011 0.0001 4E-05 0.0022 0.0002 2E-05 nd 
Heart 0.034 0.021 0.015 0.013 0.005 0.0017 0.0009 0.0004 0.0005 0.0006 0.0002 0.0003 0.0001 8E-05 6E-05 2E-05 
GI tract 0.17 0.3 0.16 0.27 0.043 0.023 0.0056 0.0021 0.53 0.86 0.92 1.57 0.70 0.54 0.29 0.089 
 Note: n = 4 per group; nd = non detectable. Levels in controls were below the analytical limit of detection for all metabolites. 
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Table 2: Mean percentage of the molar BaP dose recovered in blood and tissues as 7-OHBaP and 4,5-diolBaP at different sampling times (2, 
4, 8, 16, 24, 33, 48, 72 h post-dosing) following intravenous injection of 40 µmol/kg of BaP in male Sprague-Dawley rats 
Matrix 
Mean percentage of BaP dosea,b,c  
7-OHBaP                                                    Time after 
injection (h) 
4,5-diolBaP                                                    Time after 
injection (h) 
 
2 4 8 16 24 33 48 72 2 4 8 16 24 33 48 72 
Blood 0.01 0.0054 0.0034 0.0034 0.0014 nd nd nd 0.0008 nd nd nd nd nd nd nd 
Kidney 0.032 0.046 0.024 0.027 0.014 0.0082 0.0097 0.0026 0.0015 0.0010 0.0007 0.0006 nd nd nd nd 
Liver 0.015 0.0076 0.0034 0.0028 0.0052 0.0033 0.0022 0.0016 0.0084 0.0034 0.0029 0.0024 0.0007 0.0001 nd nd 
Lung 0.007 0.0067 0.0025 0.0052 0.0029 0.0021 0.0027 0.0017 0.0002 nd nd nd nd nd nd nd 
GI tract 0.75 0.85 0.97 1.47 0.48 0.37 0.13 0.048 0.68 0.3 0.37 0.53 0.042 0.021 0.0054 0.0013 
 Note: n = 4 per group; nd = non detectable. Levels in controls were below the analytical limit of detection for all metabolites. 
a7-OHBaP and 4,5-diolBaP were non detectable in adipose tissues, skin and bladder at all sampling time points; in the heart, they were 
detectable only at 2-h post-dosing. 
bBaPtetrol was present in very low concentrations in the GI tract at all time points, in the liver until 16-h post-dosing; it was non-detectable in 
blood, kidney, lung, adipose tissues, bladder, heart and skin. 
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c7,8-diolBaP was found in low concentrations in blood at 2-h post-dosing, in lung until 16-h post-dosing, in liver until 24-h post-treatment, in 
kidney until 4 h and in the GI tract at all time points, and it was non detectable in the other tissues. 
 
 Table 3: Toxicokinetic parameters for BaP and its metabolites in blood, tissues and excreta following intravenous injection of 40 
µmol/kg of BaP in male Sprague-Dawley rats 
 BaP 3-OHBaP 7-OHBaP 4,5-diolBaP 
Tissue 
Initial 
phase 
R2 
Terminal 
phase 
R2 
Initial 
phase 
R2 
Terminal 
phase 
R2 
Initial 
phase 
R2 
Terminal 
phase 
R2 
Mono-
exponential 
elimination 
R2 
Blood 4.8 0.97 15.1 0.88 6.8 0.97 16.5 0.88 - - - - - - 
Kidney 12.6 0.83 33.0 0.76 - - 19.8 0.90 
  
22.4 0.86 10.8 0.96 
Liver 15.7 0.17 26.7 0.97 2.46 0.99 18.7 0.98 2.96 0.94 27.7 0.97 6.7 0.88 
Lung - - 28.9 0.72 - - 22.4 0.79 - - 22.4 0.55 - - 
Adipose 
tissues 
- - 25.7 0.74 - - 43.3 0.99 - - - - - - 
Skin 6.0 0.93 14.7 0.42 8.3 0.98 16.1 0.82 - - - - - - 
Heart 8.7 0.95 18.2 0.99 12.2 0.78 21.66 0.95 - - - - - - 
GI tract - - 10.1 0.98 - - 13.8 0.99 - - 12.6 0.99 9.5 0.99 
Urinea - - - - - - 36.5 0.90 - - 34.7 0.76 8.00 0.98 
Faecesa - - 23.9 0.9 - - 53.3 0.94 - - 36.5 0.93 27.7 0.96 
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Table 4: Gene expression in lung (expressed as relative quantification) at different sampling times (2, 4, 8, 16, 24, 33, 48, 72 h post-
dosing) following intravenous injection of 40 µmol/kg of BaP in male Sprague-Dawley rats  
Gene 
Relative quantification (RQ)c 
Time after injection (h) 
2 h 4 h 8 h 16 h 24 h 33 h 48 h 72 h 
Ahr 0.35b 0.61a 0.51a 0.8 0.9 0.64 0.76 0.7 
Bax 1.08 1.09 1.35b 1.17 1.4 1.09 0.9 1.02 
Brca1 1.71a 1.67a 2.05a 1.22 0.85 0.79 0.69 0.87 
(p16) 1.62 1.69 1.95 1.40 1.66 1.25 1.24 0.97 
Cyp1a1 837.20a 831.14b 787.80b 902.67a 930.97b 689.94b 405.25a 543.78a 
Cyp1b1 56.09b 54.36a 30.03b 73.27b 54.10a 50.24b 19.77 30.64 
Ephx1 1.09 0.94 1.69 1.1 1.33a 1.93a 1.01 1.63a 
Ercc1 0.89 1 0.89 1.06 1.02 0.91 0.82 1.1 
Fen1 1.32b 1.34 1.59a 1.1 0.99 0.94 0.86 0.93 
Fos 1.14 1.72 1.23 1.04 1.25 1.44 1.84a 0.74a 
Jun 0.85 0.79 0.91 0.94 0.88 0.96 0.77 0.66 
Myc 0.96 1.03 1.3 1.07 1.15 1.25 0.98 1.17 
(nrf2) 2.13b 1.87b 1.71b 1.56b 1.67a 1.5b 1.17 1.37b 
Nqo1 5.69b 8.01b 5.87b 6.58b 6.26a 4.10a 3.26 3.65a 
Pcna 1.47a 1.28a 1.61b 1.14 1.17 1.13 0.90 1.12 
Pold4 1.28 0.79 0.93 0.99 1.07 0.77 0.69 0.91 
Rad51 2.45b 2.14b 2.94b 1.11 0.87 0.76 0.72 0.64 
Tp53 0.87 0.89 0.88 0.83a 0.83 0.69a 0.79 0.81 
Trex1 1.23 1.25 1.31 1.04 1.54a 1.13 1.36 1.36 
Keap1 0.85 1.06 1.01 1.10 1.06 1.13 0.89 1.07 
ap<0.05, bp<0.01, cAll samples were compared to the calibrator (values in untreated rats), which RQ value is 1.
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 Supplemental materials 
Table 1: Chromatographic conditions and excitation and emission wavelengths (Moreau et.al. 2013) 
Metabolites Column1 Gradient 
Wavelength 
time change 
(min)  
Excitation 
wavelength 
(nm)  
Emission 
wavelength 
(nm) 
3-OHBaP Eclipse PAH column 
From 0 to 1 min: 60% A     From 
1 min to 2 min: ramp to 100% A 
From 2 min to 6 min: 100% A  
From 6 min to 8 min: back to 
60% A 
0 265 450 
7-OHBaP 0 265 450 
7,8-dione-BaP ¯ ¯ ¯ 
 
 
BaPtetrol 
 
 
Eclipse + 
column 
 
 
From 0 to 1 min: 50% A     From 
1 min to 7 min: ramp to 90% A 
From 7 min to 12 min: 90% A      
From 12 min to 14 min: back to 
50% A 
 
 
0 
 
 
249 
 
 
396 
4,5-diolBaP 6 274 390 
7,8-diolBaP 6.75 264 415 
1,6-dione-BaP ¯ ¯ ¯ 
3,6-dione-BaP ¯ ¯ ¯ 
BaP 10 265 420 
1Mobile phase flow rate: 0.3 ml/min; Sample injection volume: 5 µl; Column temperature: 40 °C 
A: MeOH and B: H2O 
DAD: 254±4 nm, ref 400±10 nm for 1,6 and 3,6-dione-BaP (Eclipse + column) 
DAD: 254±4 nm, ref 400±10 nm for 7,8-dione-BaP (Eclipse PAH column) 
 
  
Table S2: Recovery of BaP and its metabolites from blank samples spiked with authentic 
reference standards (%) (Moreau et.al. 2013) 
Tissue 
Percent recovery of analytes (mean ± SD from 20 replicate analysis)a 
BaP Tetrol 7-OHBaP 3-OHBaP 4,5-diolBaP 
7,8-
diolBaP 
Blood 96 ± 5 89 ± 3 62 ± 9 43 ± 6 94 ± 3 93 ± 5 
Kidney 97 ± 11 87 ± 3 75 ± 7 64 ± 11 92 ± 7 91 ± 4 
Liver 103 ± 10 79 ± 4 87 ± 15 72 ± 6 90 ± 9 88 ± 5 
Lung 101 ± 6 90 ± 3 63 ± 7 51 ± 12 91 ± 8 92 ± 2 
Adipose 
tissues 
99 ± 3 82 ± 4 87 ± 7 70 ± 16 99 ± 5 90 ± 2 
Skin 115 ± 10 92 ± 8 104 ± 23 100 ± 26 96 ± 13 87 ± 12 
Bladder 102 ± 9 90 ± 16 89 ± 23 82 ± 24 96 ± 16 91 ± 16 
Heart 108 ± 10 94 ± 6 88 ± 15 79 ± 15 99 ± 8 95 ± 8 
GI tract 96 ± 22 88 ± 16 66 ± 5 68 ± 7 85 ± 6 79 ± 6 
Urine 106 ± 10 104 ± 6  104 ± 10 106 ± 12 107 ± 10 103 ± 4 
Faeces 98 ± 7 118 ± 45 67 ± 7 82 ± 8 84 ± 10 86 ± 11 
 
aBlank samples were spiked with 12.5 and 50 pmol of authentic reference standards (n = 
10 per spiking level). 
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 Table S3: Sequences of primers and probes (Moreau et.al. 2013) 
Gene Accession no. Forward primer Reverse primer 
Ahr NM_013149.2 cttcagatgccggctgag cctcccttggaaattcattg 
Akr1c1 NM_001033697.1 ccaccgtgaaacaagatgtg gctgataacgaagggcaatc 
Bax NM_017059.1 gtgagcggctgcttgtct gtgggggtcccgaagtag 
Brca1 NM_012514.1 tcttctgaggagagagtaaatgcac ggcgatctgaaacaattcct 
Cdkn2a (p16) NM_031550.1 cagattcgaactgcgagga tgcagtactaccagagtgtctagga 
Cyp1a1 NM_012540.2 gagcactacaggacatttgagaag agagctggacattggcattc 
Cyp1b1 NM_012940.2 gcagagtctgggcagagg tgtctgcactaaggctggtg 
Ephx1 NM_001034090.1, 
NM_012844.2 
gtccctcgattcctggctat ggccaccgaatttaaacctt 
Ercc1 NM_001106228.1 gctgactgcaccctggtc catacgccttgtaggtttcca 
Fen1 NM_053430.1 agaacgaggagggggagac tgcggatggtacggtagaac 
Fos NM_022197.2 gggacagcctttcctactacc gatctgcgcaaaagtcctgt 
Jun NM_021835.3 gccaccgagaccgtaaag ctgtgcgagctggtatgagt 
Myc NM_012603.2 gctcctcgcgttatttgaag gcatcgtcgtgactgtcg 
Nfe2l2 (nrf2) NM_031789.1 agcatgatggacttggaattg cctccaaaggatgtcaatcaa 
Nqo1 NM_017000.3 agcgcttgacactacgatcc caatcagggctcttctcacc 
Pcna NM_022381.3 gaactttttcacaaaagccactc gtgtcccatgtcagcaatttt 
Pold4 NM_001013195.1 gaagacacccagtccctcag ctgcagccttgtgatacctg 
Rad51 NM_001109204.1 ggtgtgtgcagaaccgact gcatttgcatagccattactgt 
Tp53 NM_030989.3 gcaactatggcttccacctg gaacagcttattgagggaaattg 
Trex1 NM_001024989.1 gtgaccgctacgactttcct gactgataacgctcagcgaag 
Keap1 NM_057152.1 cagcgtgctcgggagtat ggcagtgtgacaggttgaag 
ActB NM_031144 cccgcgagtacaaccttct cgtcatccatggcgaact 
TBP NM_001004198.1 ccctatcactcctgccaca ggtcaagtttacagccaagattc 
 
Changes in gene expression were calculated using the comparative threshold cycle (Ct) 
method where RT (Relative Quantification) = 2-ΔΔCt. 
ΔCt = Ct test gene – Ct endogenous control and ΔΔCt = ΔCt sample1 – ΔCt calibrator 
gene.
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 CHAPITRE 4: Comparison of the kinetics of various biomarkers of Benzo[a]pyrene following different routes of entry in rats 
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 Abstract 
 
Exposure to Benzo[a]pyrene (BaP), a polycyclic aromatic hydrocarbon (PAH) classified 
as a known carcinogen in humans (IARC), is of great health concern for both workers 
and the general population. The project aimed at comparing the kinetics of key 
biomarkers of BaP exposure in rats following different routes of entry. Blood and 
excretion time courses were assessed in rats exposed to a single intravenous, 
intratracheal, oral and cutaneous dose of 40 μmol/kg BaP. BaP and several metabolites 
(3- and 7-OHBaP, 4,5- and 7,8-diolBaP, BaPtetrol, 1,6 -, 3,6- and 7,8-dione-BaP) were 
measured in blood, urine and faeces collected at frequent intervals over 72 h post-
treatment, using HPLC/fluorescence. Only BaP and 3-OHBaP were detectable in blood at 
all time points. In urine, total amounts of BaP metabolites excreted over the 0-72 h period 
followed the order: 4,5-diolBaP ≥ 3-OHBaP > 7-OHBaP ≥ 7,8-diolBaP after intravenous 
injection and intratracheal instillation; 3-OHBaP ≈ 7-OHBaP ≥ 4,5-diolBaP > 7,8-
diolBaP after cutaneous application; 3-OHBaP ≥ 4,5-diolBaP ≈ 7-OHBaP > 7,8-diolBaP 
following oral administration. In faeces, total amounts of BaP metabolites recovered over 
the same period were: 7-OHBaP ≈ 3-OHBaP > 4,5-diolBaP > 7,8-diolBaP > BaPtetrol 
following all administration routes. BaP-diones were not detectable in both urine and 
faeces using the developed method and BaPtetrol were detectable only in faeces. For all 
routes of administration, excretion of 4,5- and 7,8-diolBaP was almost complete over the 
0-24 h period in contrast with that of 3- and 7-OHBaP. After intravenous injection, 
intratracheal instillation and oral treatment, peak excretion of 3- and 7-OHBaP was 
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 reached in the 0-24 h period but only after 48 h post-treatment following cutaneous 
application. This study confirms the interest of measuring multiple metabolites due to 
route-to-route differences in the relative excretion of the different biomarkers and in the 
time courses of diolBaPs versus OHBaPs. Concentration ratio of the different metabolites 
may help indicate time and main route of exposure.  
 
Key Words: Benzo[a]pyrene; Biomarkers; Toxicokinetics 
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 1. Introduction 
 
Benzo[a]pyrene (BaP) is a polycyclic aromatic hydrocarbon (PAH) present in complex 
mixtures in the general environment and the workplace. It is of great health concern for 
both workers and the general population since it has been classified as carcinogenic to 
humans by the International Agency for Research on Cancer (IARC 2010). Tobacco 
smoke, food, car exhaust, wood burning and pharmaceutical products like coal-tar based 
shampoo are the major sources of exposure in the general population. However, exposure 
occurs mainly through food in non-occupationally exposed non-smokers (Fiala et al. 
2001). In several industrial settings, significant respiratory exposure to PAH emissions 
may occur in workers and skin absorption may be an important route of entry in certain 
circumstances (Boffetta et al. 1997; Jongeneelen et al. 1988). BaP absorbed in the animal 
and human body, will initiate the formation of a number of metabolites by binding to the 
Ah receptor, some of which will exercise their toxicity via the formation of DNA 
damages (Shimada et al. 2002). BaP therefore requires metabolic activation to become 
carcinogenic (Baird et al. 2005).  
 
Given the carcinogenic potential of PAHs, it is important to monitor carefully exposure to 
these contaminants among workers and the general population. It is especially important 
to take into account the route of exposure given the fact that we can be exposed by 
inhalation, cutaneous contact or ingestion. Although BaP metabolism and carcinogenicity 
has been studied extensively (Marie et al. 2010a; Moir et al. 1998; Moody et al. 1995; 
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 Ramesh et al. 2001b; Weyand and Bevan 1986), there is currently no validated biomarker 
of exposure to this compound. To date, the 1-hydroxypyrene (1-OHP), the main 
metabolite of pyrene, is considered the best biomarker of PAH exposure, even if it is not 
representative of carcinogenic PAHs. Its measurement is reliable and easily reproduced. 
It is found in the urine in sufficient concentrations to be measured by sensitive methods 
(Bouchard et al. 1998b; Simon et al. 2000). Nonetheless, in the last few years, 
development of very sensitive analytical methods has helped to highlight some BaP 
metabolites as potential biomarkers of exposure to PAHs.  
 
Recently, some researchers have focused on the temporal profile of specific biomarkers, 
3-hydroxyBaP (3-OHBaP), 7-hydroxyBaP (7-OHBaP), trans-4,5-dihydrodiolBaP (4,5-
diolBaP), trans-7,8-dihydrodiolBaP (7,8-diolBaP), 9-hydroxyBaP and trans-9,10-
dihydrodioBaP. These biomarkers were measured in blood, tissues or excreta depending 
on the study and following different routes of administration: intravenous injection 
(Marie et al. 2010a; Moir et al. 1998), oral administration (Ramesh et al. 2001b), 
intraperitoneal injection (Likhachev et al. 1992), intratracheal instillation (Weyand and 
Bevan, 1986) and cutaneous application (Moody et al. 1995). However, none of these 
studies have focused on systematically evaluating route-to-route differences in the 
excretion kinetics of all these BaP metabolites within a same experimental framework. 
This is important given that available results suggest differences in the urinary excretion 
kinetics according to the metabolite and the route of exposure. For instance, studies 
indicate that diolBaPs exhibit a rapid elimination in urine like 1-OHP but in contrast with 
3-OHBaP (Bouchard and Viau 1996b, 1997). Other metabolites that may be of potential 
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 interest for the biomonitoring of exposure include BaP-7,8,9,10-tetrol (BaPtetrol) and 
BaP-diones (1,6-dione-BaP, 3,6-dione-BaP and 7,8-dione-BaP), but data are very limited 
in terms of kinetics (Kim et al. 2000; Ramesh et al. 2001a; Wang et al. 2003b; Weyand 
and Bevan 1986). 
 
It is important to take into account all these parameters in order to better determine 
exposure of the general population and in workers exposed to BaP. Studies on the kinetic 
profile of key biomarkers could give information on the time of exposure but also on the 
main route of entry of BaP. Therefore, the objective of the study was to compare 
systematically, in a same experiment, the blood and excretion time courses of multiple 
key metabolites of BaP following four routes of administration: intravenous, oral, 
cutaneous administration and intratracheal instillation.  
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 2. Materials and methods 
 
2.1. Chemicals  
BaP was purchased from Sigma-Aldrich (Oakville, Ontario, Canada). BaP metabolites 
reference standards (3- and 7-OHBaP, 4,5- and 7,8-diolBaPs, BaPtetrol, 1,6-, 3,6- and 
7,8-dione-BaP) were obtained from the National Cancer Institute (NCI) Chemical 
Carcinogen Reference Standards distributed by Midwest Research Institute (Kansas, MO, 
USA). Alkamuls EL-620 (emulphor) was provided by Debro Chemicals and 
Pharmaceuticals (Dorval, Quebec, Canada). β-Glucuronidase/arylsulfatase (100000 
Fishman U ml-1 and 800000 Roy U ml-1 from Helix pomatia) was obtained from Roche 
Diagnostics (Laval, Quebec, Canada). HPLC-grade methanol (MeOH), ethyl acetate, 
ascorbic and citric acids and DMSO were obtained from Fisher Scientific Company 
(Ottawa, Ontario, Canada).  
 
2.2. Animals 
Twenty four male Sprague-Dawley rats (Charles River Canada Inc., St-Constant, Quebec, 
Canada) of 200 to 250 g were used and maintained under controlled conditions (12 h 
light-dark cycle; room temperature: 22 ± 3 °C). Before BaP exposure, rats were kept in 
cages in groups of three. Twelve hours before treatment and throughout the experiment, 
rats were provided with water containing D-Glucose (40 g/l) ad libitum to induce a 
polydipsic behavior with associated aqueous diuresis. Food was removed 2 h prior to 
177 
 
 treatment, and then provided 1 h per day throughout the experiment. Following BaP 
treatment, animals were placed in individual metabolic cages. 
 
2.3. Animal treatment 
Rats received a single dose of 40 µmol BaP/kg by intravenous injection, intratracheal 
instillation, gavage (i.e., gastric intubation), and cutaneous application (n = 6 per 
exposure group). We selected the highest dose based on a previous study (Moreau et al. 
2013a). For intravenous dosing, BaP was suspended in 20% emulphor and 80% isotonic 
aqueous glucose solution (54.06 g glucose/L) until a clear solution was obtained. Three 
millilitres of this solution were injected per kilogram body weight. For intratracheal 
instillation, BaP was dissolved in tricaprylin and 0.5 mL/kg was instilled under anesthesia 
with isofluran (Driscoll et al. 2000; Izzotti et al. 1996). For oral administration, BaP was 
dissolved in corn oil and 5 mL of this solution were administered per kilogram body 
weight. BaP was dissolved in toluene for cutaneous application, and 400 mL/kg were 
applied to a ~6-cm2 portion of shaved dorsal skin just below the neck to prevent rats from 
licking or rubbing the application site (as was done in Bouchard and Viau (1997)). 
 
2.4. Sampling 
During the 72 h following BaP treatment, urine and faeces were collected (0-1, 1-2, 2-4, 
4-8, 8-12, 12-24, 24-48 and 48-72 h post-dosing). Control samples were also collected 
prior to dosing. Volumes of urine samples were measured and faeces weighed. At 0, 1, 2, 
4, 8, 12, 24 and 48 h post-treatment, 100 µL of blood was also withdrawn from the 
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 jugular vein and at 72 h post-dosing, rats of these groups were euthanized by CO2 
anesthesia and total blood was collected by cardiac puncture. Collected blood was kept 
on ice before storage at -20 °C until analysis; urine and faeces were also stored at -20oC 
until processed.  
 
2.5. Analysis of BaP and its metabolites in urine 
Preparation of urine samples for the analysis of BaP and its metabolites was conducted as 
described in Moreau et al. (2013a,b). Briefly, urine samples were thawed and well 
homogenized. One mililiter of each sample was then diluted 1:2 (v/v) with a sodium 
acetate buffer (0.1 M, pH 5). Samples were then incubated for 1 h with 10 µL of β-
glucuronidase/arylsulfatase at 37 °C in a shaking bath. This was followed by an 
extraction of metabolites using a solid phase extraction system (Sep-Pak C18 cartridges, 
Waters, Milford, MA, USA) and elution with MeOH. Solvent was then evaporated under 
a gentle nitrogen flow at 40 °C. Residues were dissolved in 1 mL of 100% MeOH for the 
analysis of BaP and its metabolites.  
 
An Agilent 1290 Infinity Ultra high performance liquid chromatography system 
(UHPLC) coupled to fluorescence and diode array detectors was used for this purpose 
(Mississauga, Ontario, Canada). It was comprised of five modules: a binary pump, an 
autosampler, a thermostated column compartment, a diode array detector and a 
fluorescence detector. Two C18 columns were used to separate BaP and its metabolites: 
an Agilent zorbax eclipse plus C18 column (2.1 x 150 mm; 1.8 µm i.d.) and an Agilent 
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 zorbax eclipse PAH column (2.1 x 100 mm; 1.8 µm i.d.). The temperature of the column 
was set at 40 °C. Urine analysis was performed using a MeOH: water gradient mobile 
phase also containing 5 mM of citric acid and 10 mg/L of ascorbic acid. Ascorbic acid 
was added to the mobile phase in accordance with Bouchard et al. (1994). The flow rate 
was 0.3 mL/min, the injection volume was 5 µL and samples were kept at 13 °C on the 
injection tray. Gradient elution conditions are described in the study of Moreau et al. 
(2013a) as well as excitation and emission wavelengths for fluorescence analysis of BaP 
and the different metabolites. The quantification was performed using an external 
calibration curve of BaP and each of its metabolites prepared in blank rat urine prior to 
enzymatic hydrolysis, and treated and analyzed as previously described. Method 
performance shows a good recovery of all analytes in urine (BaP, OHBaPs, diolBaPs and 
BaPtetrol) with values around 100%. The analytical limits of detection (LOD) for BaP, 3-
OHBaP, 7-OHBaP, 4,5-diolBaP, 7,8-diolBaP and BaPtetrol were 2.1, 1.2, 1.6, 3.2, 0.55 
and 1.2 nmol/L of urinary extract, respectively. 
 
2.6. Analysis of BaP and its metabolites in blood and 
faeces 
Blood and faeces were analyzed as described in Moreau et al. (2013a,b). A 6.25% (w/v) 
homogenate all the faeces voided by a given rat was prepared in a sodium acetate buffer 
(0.1 M, pH 5.0). Aliquots of 4 ml of each homogenate were transferred in Pyrex tubes. 
For blood, samples of 100 μL were buffered with 3.5 ml of sodium acetate buffer (0.1 M, 
pH 5.0). Blood and faecal homogenates were incubated with 30 μL of β-glucuronidase-
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 arylsulfatase at 37 °C in a shaking bath, during 16 h for faeces and 1 h for blood. Samples 
were extracted twice with 4 mL of ethyl acetate saturated with water, shaken for 30 min, 
and centrifuged for 30 min at 3000 rpm (25 °C for faeces; 4 °C for blood). The organic 
extracts were combined and evaporated under a gentle nitrogen stream at 40 °C. The 
residue was redissolved in 1 mL of MeOH and analyzed with the HPLC system described 
previously. For calibration, a standard curve in pure MeOH was used. The LOD for BaP, 
3-OHBaP, 7-OHBaP, 4,5-diolBaP, 7,8-diolBaP and BaPtetrol were 1.1, 1.2, 0.96, 3.1, 
0.64 and 1.6 nmol/L of methanolic extract, respectively. Efficiency of the extraction of 
BaP and its metabolites was determined using untreated rat blood and faecal samples 
spiked with authentic reference standards of BaP and its metabolites, incubated with 30 
μL of β-glucuronidase-arylsulfatase at 37 °C and processed as described above. Mean 
recovery from 20 replicate analysis of spiked blank samples was >86% for BaP, 
BaPdiols, BaPtetrol in blood and faeces. Mean recovery values of 82 and 67 % were 
obtained for 3-OHBaP and 7-OHBaP in faeces, and 43 and 32% in blood, respectively. 
Results were corrected for incomplete recovery. 
 
2.7. Toxicokinetic parameters 
Elimination rate constants of BaP and 3-OHBaP were determined in blood, urine and 
faeces. Monophasic elimination was represented by the equation C(t) = C0e-Kt, where C0 
is the concentration at time zero and K is the elimination rate constant, and the apparent 
elimination half-life (t1/2) was calculated using the equation t1/2 = 0.693/K. Biphasic 
elimination was represented by the equation C(t) = Ae-αt + Be-βt where A and B are the 
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 preexponential coefficients and α and β are the hybrid rate coefficients for the initial and 
terminal phases, respectively. Apparent t1/2 values were calculated for the initial and 
terminal elimination phases using the equation t1/2α = 0.693/α and t1/2β = 0.693/β, 
respectively. The coefficient of determination R2 is defined by: 
∑ɏi(yiexp - yitheo)2
∑ɏi(yiexp - yiexp)2
R2 = 1 -
 
where `exp’ refers to the experimental data points and `theo’ is related to model 
prediction of data points at time i. 
 
Statistical analysis 
 
The percentage of BaP dose recovered in urine and feces over the 72-h period post-
dosing was compared between routes using the Kruskall-Wallis and Mann-Withney tests 
(comparison between all four routes and two routes, respectively). The difference was 
considered significant at p < 0.05. 
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 3. Results 
 
The time courses of BaP and 3-OHBaP in blood over the 72-h period following different 
routes of administration of 40 µmol/kg of BaP in rats is shown in Figure 1. The profiles 
of BaP and 3-OHBaP appeared to follow the same pattern whatever the exposure route, 
considering between-rat variability. However, at the initial 2-h sampling time post- 
reatment, variations in amounts of BaP according to the route were observed and 
followed the order: intravenous ≈ intratracheal ≥ cutaneous > oral. Two apparent 
elimination phases were observed for BaP and 3-OHBaP in blood, with an initial more 
rapid phase followed by a slower phase. For BaP, mean apparent elimination half-lives of 
3.1, 1.9, 5.7 and 2.2 h were calculated for the initial phase following intravenous 
injection, intratracheal instillation, oral administration and cutaneous application, and 
corresponding values for the terminal phase were 31.5, 18.2, 40.8 and 15.7 h (Table 1). 
For 3-OHBaP, the kinetic profile overlayed after intravenous injection, intratracheal 
instillation and oral administration; maximum concentration was reached between 2 and 
4 h post-dosing and half-lives for the initial and terminal elimination phase were in the 
same value range (respective averages of 5.2 – 7.6 h and 11.2 – 24.7 h depending on the 
route). Following cutaneous application, data did not allow to measure the initial phase of 
elimination, but the half-life values of the terminal elimination phase was similar to those 
obtained for the other exposure routes. The remaining assessed metabolites (7-OHBaP, 
4,5-diolBaP, 7,8-diolBaP, BaPtetrol and BaP-diones) were non-detectable in blood. 
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 Table 2 show the effect of the route of exposure on the time courses of BaP and its 
metabolites in faeces over the 0-72 h period following exposure to BaP. Table 2 depicts 
that the mean percentage of the administered BaP dose recovered as BaP in faeces varied 
as follows: oral > cutaneous > intratracheal> intravenous. Corresponding fecal amounts 
of BaP metabolites as a percentage of administered dose varied as: oral ≈ intratracheal ≈ 
cutaneous > intravenous for OHBaPs; intratracheal ≈ oral ≈ intravenous > cutaneous for 
4,5-diolBaP; oral ≈ intratracheal > cutaneous > intravenous for 7,8-diolBaP. Whatever 
the route of administration, relative fecal amounts of metabolites over the 0-72 h post-
dosing followed the order: 7-OHBaP ≈ 3-OHBaP > 4,5-diolBaP > 7,8-diolBaP. 
Furthermore, the faecal time profiles were similar for 7-OHBaP and 3-OHBaP on the one 
hand and for 4,5-diolBaP and 7,8-diolBaP on the other hand, with a somewhat faster 
elimination of the diolBaPs (elimination half-lives roughly twice the value for the 
OHBaPs compared to the diolBaPs) (Table 1). For a given metabolite, time course curves 
were also similar for all exposure routes, except for a slightly slower elimination of the 
OHBaPs (7- and 3-OHBaP) following cutaneous application compared to the other routes 
of entry (Table 1). BaPtetrol was the most minor detected metabolite in faeces following 
all exposure routes (Table 2) and BaP-diones were not detectable with the developed 
method.  
 
Figures 2-4 and Table 2 show the effect of the route of exposure on the time courses of 
BaP and its metabolites in urine over the 0-72 h period following BaP exposure. BaP was 
not detectable in urine whatever the routes of administration, except after cutaneous 
application (data not shown). On the other hand, mean percentage of the administered 
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 BaP dose recovered as urinary BaP metabolites varied as follows (Table 2): intratracheal 
> oral ≈ cutaneous > intravenous for 3-OHBaP and 7-OHBaP; intratracheal > oral ≥ 
intravenous and cutaneous for 4,5-diolBaP and 7,8-diolBaP. Relative amounts of 
metabolites in urine during the 0-72 h period post treatment followed the order: 4,5-
diolBaP ≥ 3-OHBaP > 7-OHBaP ≥ 7,8-diolBaP after intratracheal instillation and 
intravenous injection; 3-OHBaP ≥ 4,5-diolBaP ≈ 7-OHBaP > 7,8-diolBaP after oral 
dosing; 3-OHBaP ≈ 7-OHBaP ≥ 4,5-diolBaP > 7,8-diolBaP following cutaneous 
application (Table 2). Furthermore, the urinary time course curves were similar for 7-
OHBaP and 3-OHBaP on the one hand and for 4,5-diolBaP and 7,8-diolBaP on the other 
hand, with a faster elimination of the diolBaPs (Figs. 2-4 and Table 1). For a given 
metabolite, curves were also similar for all exposure routes, except for a slower 
elimination of the OHBaPs (7- and 3-OHBaP) following cutaneous application as 
compared to the other administration routes (Figs. 2). Peak excretion of OHBaPs was 
observed in the 24-48 h period after cutaneous application while it was reached in the 0-
24 h period for the other routes.  
BaPtetrol and BaP-diones were not detectable in urine (values < LOD of 1.2 nmol/L for 
BaPtetrol and non-fluorescent and non-UV detected BaP-diones). 
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4. Discussion 
 
In previous studies on the kinetics of BaP and its metabolites in blood, tissues and excreta 
of intravenously exposed rats (Moreau et al. 2013a) and on the effect of dose on 
biomarker levels (Moreau et al. 2013b), we have confirmed the usefulness of 3-OHBaP 
as a urinary biomarker of exposure but we especially highlighted the interest of 4,5-
diolBaP as a new biomarker as well as 7-OHBaP and 7,8-diolBaP. The current study on 
the effect of the route of exposure on the excretion of these biomarkers further confirmed 
their utility as biomarkers of exposure. It showed that the urinary excretion of BaP 
metabolites is influenced by the route of administration.  
 
Results presented in this work together with previous data (Bouchard and Viau 1996b; 
Moreau et al. 2013a; Moreau et al. 2013b) show that 4,5-diolBaP was the most abundant 
metabolite in urine following intravenous injection. The percentage of dose recovered as 
the different metabolites were in the same value range in all these experiments, while 
Marie et al. (2010a) found slightly higher excretion values for 3-OHBaP (≈0.2% of the 
injected dose) for the same route of exposure and dose. This difference can be explained 
by the accuracy of our optimized analytical method, which successfully enabled to 
separate the OHBaPs whereas the HPLC elution conditions used by Marie et al. (2010) 
were such that 3-OHBaP probably co-eluted with other OHBaPs, including 7-OHBaP.  
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 When comparing excretion values of the OHBaP and diolBaP metabolites according to 
the route of exposure as a percentage of administered dose, differences in excreted 
amounts of metabolites were apparent. The intratracheal instillation of BaP resulted in the 
highest urinary levels in comparison with the other exposure routes. Considering that the 
rate-time course of metabolites are the same between the different route-of-entry 
(relatively close time to maximum excretion rate and elimination half-life), this suggests 
that the differences in the percentage of dose recovered as the different metabolites 
between the intratracheal instillation and the other routes may be due to the absorption 
fraction and thus the vehicle used for the administration. Godschalk et al. (2000) also 
found high excretions of 3-OHBaP following intratracheal instillation of 10 mg/kg of 
BaP (1% of the administered dose) and the oral results were in line with those of Van de 
Wiel (1993). Following cutaneous application, excretion values of metabolites obtained 
were close to those observed following the other routes of exposure, suggesting a very 
efficient absorption through the skin under the application conditions used. However, 
results also suggest a certain indirect contamination of excreta since BaP was found in 
cutaneously exposed rats only. Jongeneelen et al. (1984) reported that urinary 
contamination may occur in dermally exposed rats when metabolic cages are used (skin 
desquamation and BaP desorption from skin).  
 
Although differences in excreted amounts were observed according to the route of 
exposure, the time courses of the different metabolites were similar between routes, apart 
from an apparent slightly slower excretion of OHBaPs (3- and 7-OHBaP) after cutaneous 
application. This is consistent with the route-to-route variations in 3-OHBaP excretion 
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 specifically assessed in Bouchard and Viau (1997). For a given metabolite, the similar 
time course observed whatever the route of entry, except for the cutaneous route, 
suggests that the same biological determinants govern the observed excretion curve 
shapes of the metabolites. After cutaneous application, the delayed excretion could be 
explained by a reservoir effect of the dermis (Chu et al. 1996). Recent PBPK modeling of 
the available kinetic data on BaP and 3-OHBaP specifically following different routes of 
entry suggests that metabolism could be modeled in the liver only (with negligible 
relative contribution of lung and dermal metabolism) (Heredia et al. 2013) and that the 
metabolic constants of BaP and 3-OHBaP were the parameters that influenced the most 
the excreted amounts in urine. Variations in metabolic constant values were found to 
have an impact mainly on the percentage of BaP dose recovered as 3-OHBaP in urine but 
had limited effect on the shape of the time course curve of this biomarker of exposure. 
The excretion time courses were also largely influenced by the elimination rate. This 
modeling also showed that BaP has a high affinity for lipid components and that the slow 
release of BaP from adipose tissues and lungs (possibly lipid components of the lung) 
was the rate-limiting step in the kinetics, driving the overall observed time profiles of 
BaP in blood whatever the route-of-entry. Roth and Vinegar (1990) explained that lung 
and liver may clear the same amounts of BaP but that the liver had a much higher ability 
to metabolize BaP. 
 
We also observed in our study that diolBaPs were excreted faster than OHBaPs whatever 
the route of entry, which is consistent with our previous studies (Moreau et al. 2013a, b), 
with a monoexponential elimination in urine in the case of dioBaPs compared to a 
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 biphasic elimination for OHBaPs. Following intravenous injection of BaP in rats, 
Bouchard and Viau (1997) found the same pattern with half-life values similar to current 
one for 4,5-diolBaP but slightly lower for 3-OHBaP (8.1 h for 3-OHBaP and 3.1 h for 
4,5-diolBaP). The differences in excretion time profiles between OHBaPs and diolBaPs 
may be explained by a combination of events. First of all, it seems that the more polar 
metabolites are eliminated more easily, which would explain why diolBaPs are 
eliminated in the conjugated form and therefore faster than the OHBaPs that would be 
eliminated in both forms (Schanzer et al. 1991). However, recently, the 3-OHBaP 
atypical profile of 3-OHBaP in urine was explained by a renal retention (Marie et al. 
2010) and this was confirmed by PBPK modeling of these data (Heredia et al. 2013). 
This PBPK modeling, based on in vivo experimental data in rats, also suggests that 
OHBaP could interact with components in the bladder. These findings are interesting 
because, in our previous study, we confirmed the detection of small amounts of BaP and 
3-OHBaP in the bladder (Moreau et al., 2013b).  
 
Although the assessed BaP metabolites in urine appear as potential biomarkers of 
exposure, the current results confirm their major fecal excretion whatever the route of 
exposure but with a potential entero-hepatic recirculation (Chipman et al. 1981; Elmhirst 
et al. 1985). The latter recirculation was shown to have an impact on the kinetics of 
distribution and elimination of metabolites (Heredia-Ortiz and Bouchard 2013; van 
Schooten et al. 1997).  
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 5. Conclusion 
 
It appears that among all biomarkers analyzed, 3-OHBaP and 4,5-diolBaP are good 
biomarkers of exposure with differences in excretion rates. Moreover, differences in time 
profiles according to the metabolite and the route of administration were also noted and 
emphasize that a measure of the concentration ratios of these two urinary metabolites 
could thus indicate the time of exposure and the main exposure route. The interest of 7-
OHBaP and 7,8-diolBaP in urine as biomarkers of exposure should be further assessed 
with more sensitive analytical methods given that they are metabolites generated in the 
pathway of formation of benzo[a]pyrene-7,8-diol-9,10-epoxide (BaPDE)-DNA adducts.  
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 7. Captions to figures 
 
Fig. 1. Time courses of BaP (A) and 3-OHBaP (B) in blood (expressed as a percentage of 
administered dose) following administration of 40 μmol/kg of BaP in male Sprague-
Dawley rats by different routes of entry. Each point represents mean and vertical bars are 
standard deviations (n = 6 per group). ■, Intratracheal instillation; ▲, oral administration; 
●, intravenous injection; ×, cutaneous application. 
 
Fig. 2. Time courses of 3-OHBaP in urine following administration of 40 μmol/kg of BaP 
in male Sprague-Dawley rats by different routes of entry, (A) expressed as a rate of 
excretion (pmol/h) and (B) as cumulative excretion (% of administered dose). Each point 
represents mean and vertical bars are standard deviations (n = 6 per group). ■, 
Intratracheal instillation; ▲, oral administration; ●, intravenous injection; ×, cutaneous 
application. 
 
Fig. 3. Time courses of 4,5-diolBaP in urine following administration of 40 μmol/kg of 
BaP in male Sprague-Dawley rats by different routes of entry, (A) expressed as a rate of 
excretion (pmol/h) and (B) as cumulative excretion (% of administered dose). Each point 
represents mean and vertical bars are standard deviations (n = 6 per group). ■, 
Intratracheal instillation; ▲, oral administration; ●, intravenous injection; ×, cutaneous 
application. 
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 Fig. 4. Time courses of 7,8-diolBaP in urine following administration of 40 μmol/kg of 
BaP in male Sprague-Dawley rats by different routes of entry, (A) expressed as a rate of 
excretion (pmol/h) and (B) as cumulative excretion (% of administered dose). Each point 
represents mean and vertical bars are standard deviations (n = 6 per group). ■, 
Intratracheal instillation; ▲, oral administration; ●, intravenous injection; ×, cutaneous 
application. 
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 Table 1: Elimination half-lives of BaP and its metabolites in blood, urine and faeces following intravenous, intratracheal instillation, 
oral and cutaneous administration of 40 µmol/kg of BaP in male Sprague-Dawley rats 
Mean first-order elimination half-life (h) and R2 (n = 6 per group)a 
Matrix Metabolite 
Intavenous Intratracheal Oral Cutaneous 
Initial 
phase 
R2 
Final 
phase 
R2 
Initial 
phase 
R2 
Final 
phase 
R2 
Initial 
phase 
R2 
Final 
phase 
R2 
Initial 
phase 
R2 
Final 
phase 
R2 
Blood BaP 3.1 0.96 31.5 0.75 1.9 0.95 18.2 0.88 5.7 0.99 40.8 1.00 2.2 0.66 15.7 0.70 
 3-OHBaP 5.2 0.80 11.6 0.97 7.0 0.99 16.1 0.84 7.6 0.87 24.7 0.75 -b -b 18.2 0.89 
Urine 3-OHBaP - - 20.4 0.99 - - 20.4 0.98 - - 19.2 0.57 - - 57.7 0.62 
 
7-OHBaP - - 11.5 1 - - 31.5 0.89 - - -b -b - - 53.3 0.60 
 4,5-diolBaP 3.9 0.97 - - 4.9 0.86 - - 5.2 0.98 - - 9.0 0.78 - - 
 7,8-diolBaP 2.1 0.95 - - 4.9 0.95 - - 3.5 0.99 - - 3.2 0.99 - - 
Faeces BaP - - 10.7 0.98 - - 8.1 0.89 - - 6.2 0.99 - - 12.0 0.89 
 3-OHBaP - - 15.4 0.91 - - 14.4 0.93 - - 10.8 0.97 - - 28.9 0.81 
 7-OHBaP - - 21.7 0.98 - - 11.9 0.92 - - 9.2 0.98 - - 28.9 0.81 
 4,5-diolBaP - - 11.2 0.99 - - 6.1 0.99 - - 5.9 0.99 - - 13.3 0.98 
 7,8-diolBaP - - 9.0 0.85 - - 7.6 0.99 - - 6.1 0.97 - - 13.1 0.96 
a The half-lives were calculated from the urinary and faecal rate (pmol/h) time courses. 
b The data did not allow to measure an elimination half-life.
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 Table 2 : Mean percentage of BaP dose recovered in urine and faeces over the 0-72 h period 
following intravenous, intratracheal instillation, oral and cutaneous administration of 40 
µmol/kg of BaP in male Sprague-Dawley rats.  
Analyte 
Mean percentage of the BaP dose ± SD (n = 6 per exposure group) 
Intravenous Intratracheal Oral Cutaneous 
3-OHBaP Urine* 0.020 ± 0.005a, b, c 0.11 ± 0.062a 0.071 ± 0.047b 0.060 ± 0.015c 
Faeces* 1.16 ± 0.19a, b, c 6.04 ± 0.47a,b 7.64 ± 1.44b 5.51 ± 1.88c 
     
      
7-OHBaP Urine* 0.0039 ± 0.001a, b, c 0.065 ± 0.047a 0.034 ± 0.027b, c 0.043 ± 0.009c 
Faeces* 1.26 ± 0.27a, b, c 6.47 ± 0.217a, b 8.42 ± 1.49b, c 6.06 ± 2.06c 
     
      
4,5-
diolBaP 
Urine* 0.033 ± 0.022a, c 0.14 ± 0.041a, b 0.043 ± 0.013b, c 0.022 ± 0.012c 
Faeces* 0.32 ± 0.22 0.62 ± 0.48c 0.35 ± 0.069c 0.17 ± 0.12c 
     
      
7,8-
diolBaP 
Urine* 0.0023 ± 0.002a, b, c 0.021 ± 0.011a, b, c 0.0093 ± 0.002a, b, c 0.0058 ± 0.002a, b, c 
Faeces* 0.035 ± 0.015a, b, c 0.16 ± 0.037a, c 0.19 ± 0.060b, c 0.086 ± 0.041c 
     
      
BaPtetrol Urine nd Nd nd nd 
Faeces 0.0013 ± 0.001 0.0020 ± 0.001 0.0023 ± 0.001 0.0010 ± 0.005 
           
BaP Urine nd Nd nd nd 
 Faeces* 0.19 ± 0.10a, b, c 1.00 ± 0.29a, b, c 14.07 ± 9.12a, b, c 4.31 ± 2.21a, b, c 
      Note: Levels in controls were below the analytical limit of detection for all metabolites. 
* p < 0.05 between the four routes of exposure 
a, b, c, d, For each analyte and matrix, significantly different values are represented by the same 
letter at p<0.05. 
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 CHAPITRE 5: DISCUSSION GÉNÉRALE 
 
Les nouvelles perspectives d'évaluation du risque reposent sur des approches transversales 
pour tenter d'établir le continuum exposition-effet, en combinant l'utilisation de la 
toxicocinétique et des nouvelles technologies omiques, telle que la génomique. La 
compréhension des interactions entre les molécules et leurs cibles permettrait d’améliorer la 
prédiction des conséquences toxiques d’une substance. Le développement de nouveaux 
biomarqueurs est important pour la surveillance de l'exposition. De plus, il est indispensable 
de pouvoir faire le lien avec des biomarqueurs d'effet précoces, afin de réaliser des évaluations 
novatrices plus globales des perturbations induites dans des étapes clés de l'altération 
biologique menant à des effets cancérogènes.  
 
Nouveaux biomarqueurs d’exposition 
 
La première étude de cette thèse a permis de mettre en évidence l’effet de la dose sur 
plusieurs biomarqueurs d’exposition aux BaP dans le sang, les tissus et les excréta. Nous 
avons pu déterminer qu’en plus d’observer un effet doses significatif pour les OHBaPs (3- et 
7-OHBaP) et les diolBaPs (4,5- et 7,8-diolBaP), il n’y avait pas d’effet de saturation aux doses 
sélectionnées. Le 3-OHBaP est de plus en plus reconnu comme biomarqueur de l’exposition 
au BaP et notre étude a confirmé l’utilité de ce biomarqueur. Toutefois, le 7-OHBaP s’est 
révélé être tout aussi intéressant, mais présent en plus faible quantité et donc plus difficilement 
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 quantifiable surtout aux plus faibles doses. Par ailleurs, des quantités plus élevées de diolBaPs 
on été détectées dans les urines faisant de ces métabolites, et plus particulièrement du 4,5-
diolBaP, des biomarqueurs potentiels d’intérêt. Une des limites de cette étude s’est avérée être 
la sensibilité de la méthode de quantification. S’il a été possible de quantifier aisément les 
OHBaPs et les diolsBaPs, les BaPtétrols et BaP-diones n’ont quant à eux pas été quantifiés 
dans les urines et très faiblement dans les tissus dans le cas des BaPtétrols. Cette étude n’a été 
réalisée qu’aux temps 8 h et 24 h, mais il a tout de même été possible de distinguer une 
différence de cinétique entre les OHBaPs et les diolBaPs qui semblent être éliminés plus 
rapidement dans les urines. Pour confirmer l’utilité de ces biomarqueurs, il fallait alors 
s’intéresser à leur cinétique. 
 
Dans une perspective de validation de multiples biomarqueurs d’exposition aux HAP, 
nous avons évalué la toxicocinétique de plusieurs biomarqueurs du BaP. En se basant sur 
la plus forte dose de l’expérience précédente injectée en intra veineuse chez le rat, les données 
sanguines, tissulaires et urinaires ont montré que les profils temporels des diolBaPs évoluaient 
en parallèle. L’élimination des diols s’est révélée comme étant mono-exponentielle avec des 
demi-vies urinaires aux alentours de 8 h. Les cinétiques du 3- et du 7-OHBaP ont montré un 
profil différent avec une demi-vie de seconde phase à 36.5 h. Ces données ont également 
confirmé les résultats de la précédente étude (Moreau et al. 2013b), à savoir que les diolBaPs 
étaient les métabolites présents en plus grande quantité dans les urines. Les différences entre 
les profils temporels de ces métabolites peuvent s’expliquer de plusieurs manières. Tout 
d’abord la différence de conjugaison : les composés les plus polaires sont en règle générale 
éliminés plus rapidement (Schanzer et al. 1991). Cela expliquerait pourquoi les diolBaPs sont 
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 excrétés sous forme conjuguée et donc plus rapidement que les OHBaPs qui seraient présents 
dans les deux formes (conjuguée et non conjuguée). Cela reste à confirmer, mais une étude 
préliminaire (données non publiées) a révélé que la présence ou non de l’enzyme β-
glucuronidase/arylsulfatase n’affectait que très peu les quantités de 3-OHBaP retrouvées dans 
les urines. Plus récemment, ce profil atypique des OHBaPs a été expliqué par une possible 
rétention rénale. Il a été suggéré que cette rétention pouvait être liée à une différence dans la 
sécrétion basolatérale et apicale du 3-OHBaP au niveau des tubules proximaux des reins ou 
possiblement à une réabsorption à l’intérieur des tubules et à une rétention dans la lumière des 
tubules du 3-OHBaP filtré par les glomérules, ou encore, à une interaction avec des 
composants de la vessie (Heredia-Ortiz and Bouchard 2013; Marie et al. 2010a). L’analyse de 
la vessie dans nos études a d’ailleurs montré la présence de métabolites dans cet organe. Cette 
expérience sur les profils temporels de multiples biomarqueurs dans les tissus et les excrétas a 
validé l’utilité du 3-OHBaP et du 4,5-diolBaP.  
 
Étant donné que la population générale est exposée quotidiennement aux HAP par voie orale 
(Fiala et al. 2001) et que les travailleurs sont quant à eux exposés principalement par 
inhalation et contact cutané, il était alors important de regarder l’effet de la voie 
d’exposition sur cette cinétique.  
 
Indépendamment de la voie d’administration, nous avons mis en évidence une élimination 
plus rapide et en plus grande quantité des diolBaPs dans les urines. Les profils des OHBaPs 
étaient quant à eux semblables suite à une administration orale, intratrachéale ou 
intraveineuse. L’excrétion semblait cependant montrer un léger retard suite à l’application 
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 cutanée pouvant être expliquée par la présence d’un compartiment de stockage dans la peau 
jouant un rôle de réservoir (Chu et al. 1996). Les plus faibles quantités de métabolites 
retrouvées suite à une injection intraveineuse sont consistantes avec nos deux expériences 
précédentes. Les méthodes analytiques de séparation des métabolites du BaP sont 
extrêmement complexes. La précision de notre méthode nous a permis de séparer le 3-OHBaP 
et le 7-OHBaP. Il est possible que dans les autres études, le 3-OHBaP ait coélué avec d’autres 
OHBaPs (Marie et al. 2010a). De plus, les injections intra veineuses ont été réalisées dans la 
veine jugulaire. Or, en disséquant les rats, nous avons observé des hématomes assez 
importants au niveau de la veine avec la présence de sang coagulé pouvant ainsi contenir du 
BaP qui ne se serait pas distribué dans l’organisme. 
 
Outre le 3-OHBaP, le 4,5-diolBaP est un excellent biomarqueur qu’il reste cependant à 
valider. Le développement de méthodes encore plus sensibles permettrait de quantifier le 7-
OHBaP ainsi que le 7,8-diolBaP, les BaPtétrols et les BaP-diones. Ces derniers métabolites 
pourraient être très intéressants dans la mesure où ils représentent la voie des quinones, 
principale voie de formation d’espèces réactives de l’oxygène et donc à l’origine de stress 
oxydatif important. Il serait peut-être alors possible de faire un lien avec le gène Nqo1, 
responsable de la détoxification des quinones en hydroquinone. En plus de l’implication du 
récepteur Ah dans l’initiation de cancers, l’activation de celui-ci pourrait aussi jouer un rôle 
dans les étapes de la promotion des tumeurs. En effet, il a été montré que l’ortho-quinone (7,8-
dioneBaP) était impliquée dans la synthèse de CYP1A1 via le récepteur Ah (Burczynski and 
Penning 2000). 
 
210 
 
 Amélioration des stratégies de surveillance biologique 
 
La validation de ces biomarqueurs passe par des études de dosage urinaire dans la 
population générale et dans des populations exposées. Pour cela il est nécessaire d’améliorer la 
sensibilité de nos méthodes analytiques. En effet, les limites de détection analytique pour le 3-
OHBaP et le 4,5-diolBaP urinaires dans notre étude étaient de 320 et 920 ng/L respectivement. 
Cependant, dans la littérature, les limites de détection varient de 0.1 à 90 ng/L (Gundel et al. 
2000; Hollender et al. 2000; Simon et al. 2000). 
 
Pour mieux estimer l’exposition, il est aussi important d’avoir recours à plusieurs 
biomarqueurs et donc de s’intéresser à leur cinétique de façon à développer des stratégies 
d’échantillonnage adaptées. Le maximum d’excrétion du 3-OHBaP apparait une quinzaine 
d’heures après la fin de la journée de travail contrairement au 1-OHP qui apparait très tôt (≈3 
h). Les prélèvements doivent donc se faire en fin de journée de travail pour le 1-OHP et en 
début de journée suivante pour le 3-OHBaP (Gendre et al. 2004). Pour le 4,5-diolBaP qui est 
excrété très rapidement, il semblerait qu’un échantillonnage en fin de journée de travail, voir 
même avant serait la meilleure stratégie, mais cela reste à valider. 
 
Un autre aspect important est la mesure simultanée de deux biomarqueurs d’exposition. La 
mesure du ratio 3-OHBaP/4,5-diolBaP permettrait de déterminer le moment de l’exposition. 
Après une exposition par inhalation ou ingestion, un ratio faible indiquerait une exposition 
récente par exemple. En connaissant le moment de l’exposition, la mesure des ratios de 
concentrations de ces deux métabolites pourrait déterminer l’importance de la voie 
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 d’exposition. En prélevant un échantillon urinaire entre 24 et 48h après une exposition, après 
ingestion ou inhalation, le rapport 3-OHBaP/4,5-diolBaP devrait être élevé. Si ce rapport est 
plus faible, cela suggérerait donc une exposition principale par voix cutanée. 
 
La notion de continuum exposition-effet 
 
Les données recueillies dans cette thèse ont mis en évidence une corrélation entre les 
biomarqueurs d’exposition et la formation des adduits du BaPDE. Les adduits à l’ADN 
ont été mesurés dans les poumons, organes principalement touchés chez les travailleurs 
exposés aux HAP par inhalation. Tout comme pour les biomarqueurs de l’exposition, une 
augmentation dose-dépendante a été observée dans la formation des adduits à l’ADN. Aux 
faibles doses administrées lors de la première expérience, aucune augmentation significative 
d’adduits n’a été notée entre 8 h et 24 h. Ce n’est qu’à la plus forte dose que la quantité 
d’adduits a nettement augmenté entre ces deux temps. La mise en place de mécanismes de 
réparation plus efficaces aux plus faibles doses pourrait expliquer ce phénomène. De plus, la 
cinétique complète de la formation des adduits du BaPDE a montré une augmentation de la 
formation des adduits suivi d’un plateau pouvant s’expliquer par un faible taux de réparation 
de l’ADN en comparaison aux taux de formation des adduits (Godschalk et al. 2000). 
 
Beaucoup d’études se sont attardées à la mesure de ces adduits dans le sang et à faire le lien 
avec les adduits formés dans les poumons. Il s’est avéré que les adduits lymphocytaires étaient 
une bonne alternative pour déterminer les adduits pulmonaires (Qu and Stacey 1996; Ross et 
al. 1990). Notre étude a montré que les niveaux de biomarqueurs d’exposition urinaires étaient 
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 bien corrélés à la formation des adduits à l’ADN pulmonaire. Une régression linéaire pourrait 
alors prédire les niveaux d’adduits à l'ADN dans les poumons à partir des concentrations 
urinaires des métabolites du BaP. 
 
Aucune corrélation n’a été détectée entre les gènes et les adduits à l’ADN ou les 
biomarqueurs de l’exposition, excepté entre Rad51, les adduits du BaPDE et le 7-OHBaP. 
Cependant, les gènes modulés dans cette étude se retrouvent tous à des étapes clés du 
métabolisme du BaP ou des effets précoces montrant ainsi les capacités d’adaptation de la 
cellule suite à un stress oxydatif. Sur les 21 gènes analysés, seuls 6 ont vu leur expression 
modulée au cours des deux premières expériences sur l’effet dose et l’effet temps. Certains 
gènes ont été sur exprimés ou inhibés très tôt après l’exposition au BaP et ont vu leur 
expression diminuer au cours du temps. D’autres gènes se sont révélés avoir une expression 
constante au cours des 48 à 72 h après l’exposition. Parmi les gènes dont l’expression a été 
augmentée, on retrouve les gènes impliqués dans le métabolisme du BaP : Cyp 1a1 et 1b1, 
tous les deux fortement surexprimés et présentant le même profil d’expression. Le gène codant 
pour le récepteur AhR a été réprimé pendant les 12 premières heures après le traitement au 
BaP. La fixation du BaP sur ce récepteur permet la transcription de nombreux gènes impliqués 
dans le métabolisme du BaP comme les Cyp 1a1 ou 1b1 notamment (Shimada et al. 2002). En 
inhibant l’expression de ce récepteur, la cellule va s’adapter pour réduire le métabolisme du 
BaP et limiter les potentiels effets néfastes. Parallèlement, des mécanismes de réparation se 
mettent en place rapidement avec une surexpression des gènes Rad51 et Brca1, tous deux 
impliqués dans des mécanismes de réparation. Une autre réponse de défense contre le stress 
oxydatif est l’activation du gène Nrf2 qui contrôle l’expression de gènes (Nqo1 par exemple) 
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 qui codent pour des protéines de détoxification et d’élimination des réactifs oxydants et des 
agents électrophiles (Kaspar et al. 2009). Il s’est avéré que dans nos études, le gène Nqo1 était 
surexprimé. 
 
Le BaP va provoquer une réponse biologique passant donc par la modulation de l’expression 
de nombreux gènes. Ces dernières années, les nouvelles technologies omiques ont permis de 
remonter très tôt dans la cascade des événements menant à l’apparition d’effets délétères 
(Ekins et al. 2005). Cependant, la validation de biomarqueurs d’effets est encore un défi 
majeur de par les phénomènes complexes intervenants au niveau cellulaire, mais aussi lié aux 
stratégies d’échantillonnage. L’étude de la cinétique de l’expression de gènes ciblés in vivo 
a permis de mettre en évidence certains gènes impliqués dans le métabolisme, le stress 
oxydatif ou encore la réparation; certains de ces gènes comme les Cyp 1a1 et 1b1 ainsi 
que Nqo1sont de potentiels biomarqueurs de l’effet précoce.  
 
Perspectives 
 
Une étude chez les travailleurs pourrait permettre la validation des nouveaux biomarqueurs 
d’exposition comme le 4,5-diolBaP. En définissant bien les stratégies d’échantillonnage, il 
serait alors possible d’évaluer l’exposition des travailleurs au BaP et ainsi de mieux les 
protéger. La modélisation des données obtenues pendant cette thèse pourrait aussi permettre 
de mieux comprendre et prédire les mécanismes d’absorption, distribution, métabolisation et 
élimination du BaP et d’extrapoler sur les doses absorbées ou les voies d’exposition. 
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 Dans l’évaluation des risques associés à l’exposition au BaP, il faut également considérer la 
problématique de l’exposition en mélange. En milieu de travail, les individus sont exposés à 
des mélanges complexes de HAP. Or, selon une étude in vitro récente (Tarantini 2009), il a 
notamment été montré que l’exposition au BaP en combinaison avec d’autres HAP pouvait 
moduler la formation d’adduits du BPDE. Il a également été montré chez le rat, que le profil 
urinaire du 1-OHP pouvait être altérer suite à l’exposition à des mélanges à forte dose de HAP 
(Bouchard et al. 1998a; Bouchard and Viau 1999). Cependant, aucun modèle expérimentale 
n’a documenté l’effet de l’exposition à des mélanges de HAP sur la toxicocinétique du BaP et 
de ses métabolites. En ce qui concerne l’expression génique, il a été montré que des mélanges 
binaires de HAP en cultures cellulaires avaient des effets sur l’expression des gènes en plus 
d’avoir des effets sur la formation des adduits à l’ADN (Staal et al. 2007; Staal et al. 2008), 
mais l’étude de l’effet des mélanges in vivo n’a pas été réalisée.  
 
 
L’ensemble de cette thèse a permis de mettre en évidence de nouveaux biomarqueurs 
d’exposition et d’effet au BaP grâce à une étude globale du continuum exposition-effet au 
BaP. Les connaissances sur ce contaminant sont nombreuses, l’apport des données de ces 
travaux est conséquent, mais les défis à relever sont encore nombreux. 
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